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ABSTRACT 
Automated Fiber Placement (AFP) is a flexible but complex manufacturing 
technique which is used to layup carbon fiber tows into flat or curved structures. That could 
be achieved through linear and steered paths of fibers. The quality of AFP layup is highly 
dependent on the manufacturing process parameters such as layup temperature, tow 
feedrate, compaction force, and tow tension. Understanding how those parameters affect 
the process is crucial for achieving the desirable quality and productivity. For this work, 
an experimental investigation is carried out to determine the processing window that yields 
optimal quality for two types of material: High tack thermoset prepreg, and low tack 
thermoset prepreg. The project is split into two tasks. For the first task, experiments are 
carried out on linear paths to determine the effects of the parameters on substrate to tool 
adhesion as well as the substrate to substrate adhesion. A design of experiment is developed 
to cover a wide range of permutations to experimentally find the optimal process window. 
The second task investigates the quality of steered paths as function of the parameters at 
different steering radii. The quality of a steered path is governed by the critical curvature 
radius, which is the minimum radius allowed before the formation of wrinkles or other 
defects. However, this radius has been found to be dependent on the process parameters 
and thus by changing those parameters a higher curvature can be achieved. Data acquisition 
is performed using different sensors, to obtain the necessary information about the process 
to infer the relations between the quality and the parameters.  
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CHAPTER 1 
INTRODUCTION 
1.1 PREAMBLE 
Automated composite layup has been gaining more and more popularity in the 
aerospace industry during recent years mainly due to its high production rates. It includes 
automated fiber placement (AFP) or robotic fiber placement (RFP) and automated tape 
layup (ATL). AFP allows for more complex geometries while ATL is better fit for large 
structures of simple geometry [1]. However, this technology is not yet perfect and has room 
for advancement. Lukaszewicz et al. [2] present the progression of automated layup 
through history showing areas where possible improvements can be made. One of these 
areas includes gaining a better understanding of how the process parameters impact the 
layup process and the quality of the part. Several types of materials can be used in this 
manufacturing technique including thermoset prepregs, thermoplastic prepregs and dry 
fiber. Hence, depending on the process type and material used, a set of parameters that 
guarantees quality and consistency of the process, needs to be implemented. 
1.2 RESEARCH OBJECTIVE AND OUTLINE 
During this work, the process used was AFP for thermoset placement. The way 
AFP works is, a band of tows, most commonly half inch or quarter inch in width, are fed 
out through guider wheels that apply tension on them. Then the tows pass through a cutting 
mechanism that cuts them when needed, to obtain the desired length. Once the tows are out 
of the head, a heating mechanism heats the substrate and sometimes part of the incoming 
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tows. There is different types of heaters that have been used with AFP, which are: hot gas 
torch, infrared lamps, laser, and recently xenon light. The last stage is the consolidation 
where a roller applies force on the incoming tows to make them adhere to the heated 
substrate. Figure 1.1 shows a demonstration of the AFP head components captured through 
thermography. 
AFP is a sophisticated manufacturing technique that involves many variables which 
can affect the quality of the product. Understanding those variables and their interactions 
in relation to each other as well as how their variances affect the quality of the product, 
will allow for a better control of the process. The machine available here at McNair 
Aerospace Center is an Ingersoll Machine tools Lynx Figure 1.2. This machine is a 
horizontal gantry AFP that can lay down up to 16 quarter inch tows at the same time. 
As such, the objective of this study was to perform an experimental investigation 
into the AFP process for the manufacturing of two types of thermoset prepreg: High Tack 
Heat 
Compaction 
Speed 
Roller 
AFP head 
Figure 1.1: Picture of AFP head in operation captured using 
thermography 
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prepreg and Low Tack prepreg, in order to determine the process window for each in the 
case of linear and steered paths. 
This thesis is structured into five chapters. In Chapter 2, an extended literature 
review is offered, detailing all the relevant studies to this research. Chapter 3 and Chapter 
4 explain in depth the experimental procedure and methodology carried out for the linear 
and steered path experiments respectively, as well as the results and analysis from those 
experiments. Finally, Chapter 5 offers an overview of the whole thesis, as well as all 
relevant remarks concerning AFP technology and the future of this work. 
 
 
Figure 1.2: Ingersoll Machine Tools Lynx AFP machine 
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CHAPTER 2 
LITERATURE REVIEW
When we think of AFP, we think in terms of process temperature, compaction 
pressure and layup speed. Indeed these are the three major variables in the process but some 
other factors like ambient conditions, compaction roller type, tooling surface, etc. can also 
play a role. Hence, any effective process will include three important factors: Setting the 
parameters, assessing the quality, and optimizing the parameters. This literature review 
was an important step in determining the relevant practices in AFP and other automated 
composite layup techniques, and provided a stepping stone onto which this research can 
further build. The sections of this literature review will be as follows: Section 2.1 will list 
the effects of each process parameter that the studies revealed for each process and material 
type. Section 2.2 will review the quality assessment methods and tests used. Section 2.3 
will cover the data analysis techniques that were implemented to draw the conclusions from 
the experimental work. Finally, section 2.4 will be the conclusion offering a general 
overview and some recommendations. 
2.1 PROCESS PARAMETER EFFECTS 
2.1.1 Processing temperature 
Building a part using automated layup relies on the bonding of layers of material 
on top of each other until achieving the desired thickness. Be it thermoset or thermoplastic 
prepreg material, this bonding is achieved by means of heating the incoming tows up to 
 
5 
glass transition temperature Tg where the resin viscosity is decreased. The heat increases 
the tackiness of the tows and allows for the adhesion of subsequent layers during layup. 
Hence, setting the temperature at appropriate levels has a crucial role in the overall quality 
of the process [3]. However, the amount of heat needed during automated layup differs 
between thermoset and thermoplastic. A thermoset prepreg will start curing at room 
temperature, which is why it has a short shelf life and needs to be stored at sub-zero 
temperatures to delay or halt curing. Hence a slight increase in temperature is sufficient to 
catalyze the resin flow and allow for processing. The temperatures are usually in a range 
of 20°C to 70°C. Any higher temperatures will result in increasing viscosity thus hampering 
lay-up, or result in partial localized curing which will weaken the part [4]. Ahn et al. [5] 
state that the maximum tack was observed at 20 to 25°C above Tg for resin prepreg. 
Assessment of aerospace grade ATL prepreg done in [6] reveals that when deposited on 
rigid substrate, the tackiness peaked at 55°C. Experiments performed in [7] also showed 
that there was no further decrease in apparent viscosity beyond 70°C in thermoset 
specimen. The effect of temperature on the compaction of toughened thermoset prepregs 
IM7-8552 and IMA-M21 was shown in [8]. Their experiments show that compaction 
reached its limit at about 70°C. After which an increase in compaction force or temperature 
caused bleeding of the resin component of the prepreg. 
Thermoplastics on the other hand are used when fully reacted and have higher Tg 
of around 200°C. Which means they are processed at a more elevated temperature [9], 
which can take place near melting temperature of thermoplastics of around 400°C. In the 
case of in-situ consolidations these temperatures can reach up to 500°C, where a heated 
tool or compaction roller is used in addition to the heating mechanism on the layup head 
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[10]. As for dry-fiber placement, recently the carbon fiber bundles are being covered by a 
thin thermoplastic veil or other binder material to ensure adhesion to the substrate layers 
[11]. Hence, depending on the material type, different heating approaches are adapted. This 
section will go through the processing temperature used in automated layup showcasing 
the type of heating used as well as the different effects of the temperatures on the process. 
Schmidt C. et al. in [12], studied the effect of the process parameters on the distribution of 
temperature in the thermoset prepreg during an AFP process. They ran a series of 
experiments to identify the effect of varying compaction pressure, layup speed, and heater 
control temperature on the substrate temperature. They varied the parameters one at a time 
on the same [90, 0, 90] laminate. Their experiments showed that the processing speed is 
inversely related to the substrate temperature where a higher feed rate leads to less heat 
absorption in the material. The compaction pressure had minimal effect after a certain limit. 
A low compaction pressure would lead to poor adhesion and separation tows from 
substrate, however, at a sufficient level, the pressure will not affect the temperature 
distribution. An empirical equation was derived for the surface temperature relating the 
interactions of the three process parameters to the surface temperature. The temperature 
range at which processing was taking place was between 28°C to 45°C. No assessment to 
quality in relation to temperature was done in this paper. Lukaszewicz et al. in [13] studied 
the effect of temperature on the post cure (using oven curing at vacuum pressure in lieu of 
autoclave curing) quality of thermoset prepregs. Eight ply laminates were laid up using an 
ATL experimental rig at constant compaction force of 500 N and feed rate 6 m/min and at 
process temperatures ranging from 20°C to 70°C. The specimens were then tested using 
short beam shear (SBS) test to identify the interlaminar shear strength and micrography to 
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identify void content as well as post cure thickness. Their tests showed that at processing 
temperatures less than 50°C the specimens showed high void content (>5%) as well as 
greater thickness and lower interlaminar strength. At temperatures greater than 50°C and 
up to 70°C the properties were enhanced where void content was around 2%. The void 
content, thickness and strength were comparable in the 50°C to 70°C range with a slight 
enhancement as temperature increase. An assessment of the compression response at 
different temperature in [14] shows that the processing of out-of-autoclave (OOA) epoxy 
prepreg at 65°C resulted in more tackiness as well as less void content as compared to 
processing at 20°C or 45°C. This result is also demonstrated in [15], where experiments 
done using an orthogonal array design of experiments on the adhesion strength of (OOA) 
thermoset prepreg tows, showed that temperature is the main influencing factor on the peel 
force. The experiments were done at two temperature levels: room temperature of 20°C 
and processing temperature of 65°C. The results showed a higher peel force when 
processing at 65°C. 
In [16,17], automated tape layup process was simulated to find the bonding degree, 
using values of viscosity, degree of heal and thermal conduction obtained by 
experimentation and analysis. To obtain the reference values for these parameters, a 15-
layered thermoplastic laminate was laid up with the tape placement process and then 
reconsolidated in the autoclave to determine the maximum achievable laminate strength. 
The quality of the process was assessed using double ply peel test and interlaminar shear 
test to determine bonding quality. The void content was also assessed using light 
microscopic examination. The process parameters were varied in turn and their effects 
observed. For the gas volume flow rate, which is directly related to the temperature, their 
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tests shows an increase in the flow rate at constant feed rate of 8 m/min, causing an increase 
in the interlaminar strength up to certain limit at 10 L/min after which the part start to 
deteriorate. 
The effect of ATP processing temperature at two speeds (6m/min and 24m/min) for 
PEEK/CF tape was investigated in [18,19]. They used short beam strength (SBS) test to 
evaluate the interlaminar bond strength. Their results show that at a speed of 24m/min and 
a temperature of 550°C specimens achieved the highest SBS. In [20] the effect of the 
processing parameters on the bond strength of carbon-PPS tape welded onto carbon woven 
fabric was investigated experimentally using a mandrel peel test. Interfacial fracture 
toughness was found to be low for high tape temperatures, of more than 500°C. Data 
reported by Automated Dynamics in [21] suggests that no significant thermal degradation 
of the thermoplastic occurs until exceeding a process heat of 550°C. 
Another important aspect when studying the process temperature is the progression 
of that temperature through the tows and the substrate. The authors in [22,23] performed 
experiments on thermoplastic tape layup proving that increasing preheating temperature 
and substrate heated length can result in decreasing the residual stresses in the laminate, 
since the cooling down will happen more uniformly. They also showed that increasing 
those two parameters allows for increasing the roller speed, thus they recommended using 
the maximum preheat temperature below Tm of the material, and a higher heated length. 
The same authors in [10] then showed that preheating the substrate to a temperature of 
150°C  as well as increasing the heated length of the substrate will increase uniformity of 
consolidation and crystallinity. However, using a higher heated length might cause an 
excessive time exposure of the nip point to high temperature causing degradation. Thus 
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their suggestion was to decrease the heating temperature with increase of heated length, for 
instance at a heated length of 25 mm they recommended not exceeding a heating 
temperature of 460°C. In [17], the effect of a heated tool on the void content and degree of 
bonding in carbon reinforced PEEK thermoplastic laminate tapes, was studied. The results 
show a significant improvement in quality at a tool temperature of around 300°C, which is 
close but below the melting point of the thermoplastic. 
In [24], focus is on the theoretical analysis for the lay-up of a steered dry tows with 
polymer binder using an AFP process. The critical steering radius is calculated for each 
tow as function of temperature. The results indicate that the higher the temperature, the less 
critical radius will become.  
We can observe that layup temperature is highly material dependent. The type of resin or 
polymer used as well as their volume content will lead to a different relation for the process 
temperature. However, we can identify some global trends that are seen to be common in 
the literature.  Figure 2.1 offers a summary of the major trends in the effects of the 
processing temperature on the automated layup process. 
2.1.2 Compaction Pressure 
Compaction is another essential parameter in the automated layup process. After 
the tows are heated, pressure is applied to them by means of a roller as they are deposited 
onto the tool surface or substrate. Compaction pressure plays a role in the adhesion of each 
layer to the previous one. Sufficient pressure needs to be applied in order to insure that the 
layers properly adhere to each other during layup. Compaction also plays a role in 
increasing the area of intimate contact between layers leading to a better quality of the part 
[25]. In this section we will discuss the effects of compaction pressure on the layup process.  
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A common compaction force for ATL is around 445 N and increases with 
increasing tape width, while it is around 1000 N for AFP [26]. This is also seen in [27] 
where a compaction force of 1019 ± 42 N was used when doing experiments on  the 
CF/PEEK and 446 ± 38 N on the dry fiber material. 
In [28] the authors performed experiments to determine the correlation between the 
compaction pressure and the final density of the product as function of feedrate. The results 
showed that the density increased with decreasing feedrate. However, at very low speeds 
the density decreased again, meaning that an over-compaction was occurring resulting in 
the resin bleeding out and forming voids. 
a) 
 
b) 
 
 
Figure 2.1:Major trends in the effects of temperature on a) Thermoset and b) 
Thermoplastic prepregs 
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The authors in [29] investigate the effect of the compaction pressure on the 
interlaminar strength and degree of intimate contact (DOC) of a glass fiber thermoplastic 
prepreg 5 ply laminate manufactured using robotic fiber placement. Processing 
temperature and feed rate are constant while the compaction pressure was adjusted 
depending on the layer. The compaction pressure for each pass was derived from the model 
of the DOC. They tested the interlaminar strength of the laminate using peel test comparing 
the results between the part manufactured at constant pressure and that at variable pressure. 
The results from the peel tests showed that using this adjusted pressure yields a more 
uniform bonding between the layers. Experiments done by NASA Langley [30] on 
PEEK/IM7 tape fabricated at a range of compaction loads and temperatures revealed that 
an optimal compaction force at a speed of 1.524 m/min is 1330 N. In [31], the effect of 
process parameters on the occurrence of gap, overlap, twisted tow and boundary alignment 
defects was evaluated during the AFP layup of epoxy resin prepreg. Their experiments 
comprised of laying up 12 tows, 48 inches in length, at 0-degree angle and recording the 
defects at 47 target points, one at every inch. Their results showed that an increase of 40% 
from the standard compaction pressure enhanced the quality considerably, decreasing gaps 
and increasing tow alignment. The suggested compaction pressure was 1447900 Pa. The 
force needed to develop that pressure varies depending on the roller contact area. 
Compaction pressure also affects wrinkling in steered tows [32]. For the same 
steering radius, a compaction force of 3000 N appeared to cause more wrinkling than a 
force of 2000 N. However, a force below 1500 N could not compact the tows sufficiently. 
A similar deduction was found in [33] where the critical steering radius of the tows would 
decrease with increasing compaction force up until 480 N, after which the critical steering 
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radius would increase and wrinkles start appearing again. Hence, in the case of tow 
steering, a too low or too high compaction pressure could exacerbate the occurrence of 
wrinkling. Note that this compaction force is dependent of tow width, thickness and 
material type.  
The main observation that can be made is that the process window of the 
compaction force is a wide one. However, the effects become more pronounced at the 
extremities of that range. An insufficient pressure leads to loss of adhesion, higher void 
content, and wrinkling in case of steering. While an over-compaction may cause resin 
bleed. We can also see a relation between the layup speed and compaction pressure, where 
the needed compaction force decreases at lower speeds. A safe approach would be to use 
a high value of compaction, if processing is to be done at high layup speed, and decrease 
it with decrease of speed to avoid over-compaction. 
2.1.3 Layup Speed 
Layup speed or feed rate dictates the speed at which the tows are to be deposited 
onto the tool surface or substrate. Hence, it is the main indicator of the productivity of the 
process. A high layup speed is always a desirable parameter, however, insuring the quality 
and consistency of the parts during automated layup while maintaining a high layup speed 
is a challenge. A limiting factor to the layup speed is the accuracy. An increase in speed 
means an increase in vibrations and dynamic behavior of the tows prior to entering the 
machine head, which in turn will affect the accuracy of layup creating defects. Hence there 
will be a tradeoff between speed and quality [34]. A typical layup speed in an industrial 
setting would be between 10m/min to 60m/min [26,35], and up to 80m/min on the most 
recent AFP machines [2]. The layup speed also has an impact on other process parameters. 
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For instance, the layup speed will determine the exposure time of the tows to the heat 
source. That will dictate the amount of heat absorbed by the tows during the process and 
thus the temperature at which layup is occurring. In this section, we will investigate the 
effects of the layup speed on the process only. 
In [18,19] ATP processing of PEEK/CF tape was carried out at two speeds, 6m/min 
and 24m/min. The maximum SBS strength was obtained at 6 m/min when processed at a 
temperature of 500 °C. However, similar results were obtained at both speeds when 
processing took place at a temperature of about 550°C. In [27], the processing heat 
temperature as a function of layup speed for dry fiber tape and PEEK thermoplastic 
composite was studied. The dry fiber was laid up at speeds of 6, 12, 24 and 48 m/min and 
the thermoplastic composite at an additional speed of 2.88 m/min. The authors recorded 
the temperature at nip point of the layup as function of laser power at the different layup 
speeds. Naturally, their experiments showed that with increasing speed an increase in 
heater power is needed to produce the same temperature. However, at the same speed the 
relation between nip point temperature and heater power appeared to be a linear one, and 
linear regression was used to derive that relation. A semi- empirical model was proposed 
to determine the power required in the heaters at each speed to maintain the desired 
temperature on the nip point. 
The compaction control of a tape winding process on a cylindrical mandrel, which 
is a similar process to tape layup, was investigated in [28]. During their experiments they 
tested the effect of different feed rates on the void content in the part demonstrated by the 
density of product. They laid up the thermoset tapes at 50°C and at compaction force of 
1005.3 N. Their results showed that lowering the feed rate increases the density until a 
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certain limit after which further decreasing the speed resulted in over-compaction and 
squeezed the resin out of the prepreg and decreased the bonding. And the higher speeds 
would result in lower compaction thus less adhesion between the subsequent passes. 
(Sonmez & Hahn, 1997) studied the effect of the roller velocity on the distribution 
of temperature during layup of thermoplastic prepreg. Their experiment showed that at a 
speed 0.3 m/min the temperature penetrated more deeply into the laminate and allowed the 
melting and consolidation up to four layers deep. However this meant longer time exposure 
at the high temperature increasing the risk of degradation in the laminate. At a speed of 
3m/min penetration was minimal and melting only occurred in one layer, thus limiting the 
consolidation. Hence they concluded that an optimum speed would be one that offers a 
good compromise between speed and consolidation. Experiments done in [36] on 
thermoplastic tape layup showed that at low layup speed (<1.2 m/min) for the initial layers 
(1 to 6) would cause low degree of bonding due to the excess temperature at the interface 
leading to melting of the thermoplastic. However this changes for the top layers (>10) 
where higher speeds (> 1.8 m/min) caused low bonding due to insufficient heating. 
Moreover, for all layers it was shown that thermal degradation decreases with increasing 
speed. Hence, there exists an optimum range of layup speed function of the layer number 
and such consideration should be taken into account when optimizing the quality.  
Effects of process parameters on AFP defects were studied in [31]. The results of 
the study showed that a 50% decrease of the layup speed from the standard speed showed 
a decrease in the amount of gaps. The suggested speed of layup was 7.62 m/min. 
The observation that can be made when looking at the literature on the layup speed 
is that this parameter has a highly knitted relationship to the temperature and compaction. 
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While lower speeds may lead to better layup quality, it can also cause over-compaction or 
thermal degradation. Layup speed is also highly specific to each process. Hence, no one 
trend can be determined that would fit all processes. Whenever analyzing the process 
window of layup speed, one must take into consideration the allowed process window for 
all the other variables which the layup speed affects. A good approach would be to set a 
target speed, which would correspond directly to the target production rate, and find the 
process window for the other parameters in relation to this speed.  
2.1.4 Other Factors 
Other variables can also have a significant effect of the layup process. Variables 
like ambient conditions, initial material properties, roller type etc. Such variables are 
usually set to fixed values and assumed to have minor effects, however in this section we 
will touch on some of the studies that experimented with these variables and cite their 
results. 
The authors in [37] performed peel test on different thermoset prepreg samples to 
determine the material stiffness and tack relative to a mold surface. They studied the effects 
of material type, ambient humidity and temperature. The compaction pressure and feed rate 
were set constant and the test bench was placed in an oven to control the ambient 
conditions. Ambient humidity had minimal effect on the results, however the ambient 
temperature contributed to the experiments. A variation of 1°C in ambient temperature 
showed to affect the level of tackiness between one layup and the next. However, the 
response to the temperature changes was different depending on the material. 
The effect of the aging of carbon/epoxy prepreg material on the quality of the 
laminate was tested in [38]. They performed 3 point bending on the specimens to determine 
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the flexural rupture strength and flexural modulus. Their tests show that the aging of the 
material increased the air pockets and surface roughness of the material, thus causing 
uneven heat transfer. That in turn caused a decrease in tackiness loss of adhesion between 
plies. The effects of aging can start to be significant after the fifth day of sitting out of the 
freezer. In [39], the effect of aging at room temperature on the void content in out-of-
autoclave thermoset prepregs was measured, using a digital stereo microscope. The data 
obtained shows that an increase in void content can be seen after the 21st day of aging. The 
effect of aging at room temperature was also explored in [40] where the tack, measured 
using lap shear test, was shown to increase up to the eleventh day of aging before starting 
to decrease again. The effect of aging on the Tg of epoxy resin at different temperatures 
was studied in [41]. A summary on the findings is shown in Table 2.1. 
Table 2.1: Rheological Properties of Sample Aged under Different Conditions [38]  
Sample Viscosity (Pa s)a Gel time (s)b α (%)c 
Fresh 24 ± 2 73 ± 4 0 
35 °C, 1 day 29 ± 3 72 ± 4 1.12 ± 0.06 
35 °C, 3 days 45 ± 5 66 ± 3 2.54 ± 0.08 
35 °C, 7 days 81 ± 6 59 ± 3 3.70 ± 0.04 
50 °C, 3 days 1440 ± 50 − 11.8 ± 0.12 
50 °C, 7 days 15590 ± 400 − 15.6 ± 0.17 
a. Initial viscosity at 171 °C. 
b. Gel time of samples cured at 171 °C. 
c. Average relative curing conversion of aged samples 
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The various reported critical aging dates have led to the conclusion that this factor 
is specific to each resin type studied. However, the effect remains the same for all, which 
is an increased void content and a reduced tackiness and workability. 
The tackiness of epoxy prepreg was also tested under the effect of aging at different 
relative humidity levels in [42]. The results show that the tackiness decreases significantly 
at a relative humidity of 80% compared to that at 20% relative humidity. However, in [43] 
they suggest that a relative humidity of 50-60% yields maximum tackiness for an IM7 
prepreg. 
The number of plies and their relative location appears to also play a role in the 
quality during processing. Experiments done in [44] showed that the void content was 
higher in the first layer and at the surface. Deconsolidation took place at the first ply 
because the tool surface acted like a heat sink causing insufficient bonding and at the 
surface due to insufficient compaction. This can be remedied by using lower speeds for the 
first layer and multiple compaction passes for the last layer. 
The laser head angle is also another factor that was shown to affect the layup 
process [45]. The maximum reachable temperature was dependent of the head angle, where 
a higher head angle meant a lower incidence angle of the rays on the substrate leading to 
more absorption of the heat. The fiber deposition strategy can also affect the process as is 
demonstrated in [46]. Hot spots and cold spots due to the temperature history can occur 
during layup depending on the layup strategy causing areas of material degradation or 
insufficient tack. The effect of a variety of factors was also explored in [17] using a 
simulation of the thermoplastic layup process. They found that increasing the roller 
diameter has a positive effect on the void content but a negative one of the degree of 
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bonding. The effects of other variables were also explored and they are summarized in 
Table 2.2: 
 Table 2.2: Process parameters and their effects on 
laminate quality [17] 
 
 
 
In [47] it was shown that the quality of the layup of the PIXA/IM7 dry ribbon highly 
depends on the starting quality of the ribbons. Specimens laid up at 405°C and 450°C were 
assessed using two methods, wedge peel test and double cantilever beam (DCB) test. For 
the same initial ribbon quality, the experiments showed that layup at either temperature 
gave comparable results, emphasizing the effect of initial ribbon quality.  
In [48] it was found that using high elasticity modulus material for the compaction 
roller leads to better pressure uniformity and reduces void formation. Their study showed 
that using a silastic (silicone rubber) roller in place of a polyethylene roller, increased 
pressure uniformity by 50% and reduced the void content by 92%.   
Another interesting factor to consider during automated layup process is fiber and 
resin buildup in the placement head as is shown in [49]. These build ups, also called “fuzz”, 
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block the pathways of the tows and prevent them from being deposited during layup, 
causing missing tows. 
As is seen from the literature, a variety of parameters can influence the process to 
varying degrees. To account for all the factors during production is definitely a challenge, 
however, setting these parameters to the right initial conditions will improve the overall 
quality of the part and facilitate the process. Some of the conditions to be considered are 
as follows: 
 A humidity level of 60% is acceptable during processing 
 Minimum ambient temperature fluctuation during layup to ensure a uniform 
tackiness throughout the process 
 Avoid material aging of more than 3 days 
 Low surface roughness material to achieve a higher degree of intimate contact 
 High elastic modulus for the roller to achieve a more uniform compaction 
pressure in every course 
 Regular cleaning of the deposition head to avoid fuzz and resin buildup 
 The use of a layup strategy that insures a consistent thermal history during layup 
2.2 QUALITY ASSESSMENT 
An important part of the automated layup manufacturing is the quality assessment. 
To give meaning to the effects that each parameter has on the process, a quality test must 
be identified and adopted. In the literature we can see different approaches taken to achieve 
this goal. The quality of the automated layup can be assessed based on several criteria. 
Imperfections in the layup can be an indicator of the quality of the process and are induced 
either by the process parameters or by the geometry of the layup. Harik et al. [50] offer a 
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detailed guide on the defects that can occur during AFP. While gaps and overlaps are 
common and mostly considered geometrical defects, additional defect such as folds, 
bridging, twisting, and wrinkles may be caused by process parameters. Folds for instance 
are attributed to the initial quality of the tows, while wrinkling and bridging can occur when 
insufficient compaction is used. This type of defects can be identified through visual 
inspection or non-destructive evaluation techniques which include thermography, 
radiography, ultrasonic testing, and laser imaging methods [51]. For instance, profilometry 
is shown in [52] to be a viable way to identify these types of surface defects. 
Some other factors that can give insight as to the quality of the process parameters 
are void content and degree of adhesion of the layers. These cannot be identified using 
scanning techniques and need to be assessed using other quality tests.  Table 2.3 
summarizes the methods that have been used in the literature to assess the quality. 
However, imperfections like high void content or low interlaminar bonding are resolved 
when the part is cured in the autoclave. The high pressure in the autoclave is sufficient to 
suppress voids that form during layup as is demonstrated in [53], where void formations 
due to dissolved humidity were not seen to propagate to the end result after the curing cycle 
in an autoclave. 
Hence, when defining the quality assessment, one must keep in mind as to what 
tests will reveal the most valuable information about the process, and also what quality 
parameters could be relaxed to achieve a higher production rate. 
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Table 2.3: Summary of testing techniques used to quantify quality of layup 
Technique Measured factors Reference 
Visual Inspection First ply adhesion 
Last ply adhesion 
Number of defects 
[53] 
Peel test Interlaminar bond strength [15,20,29,37,47] 
Electric Microscopy Void content (through a cross section) 
Surface roughness 
[8,13,16,17] 
X-Ray CT scan Void content (through the whole laminate) [8] 
Short Beam Strength 
(SBS) 
Interlaminar bond strength [11,18,19,35,52] 
Double Cantilever 
Beam (DCB) 
Interlaminar bond strength [47] 
 
2.3 DATA ANALYSIS 
Analyzing the data resulting from experimentation is a crucial task. Data analysis 
creates a more complete understanding of the process and permits exact or parametric 
models that can predict and optimize the process parameters to be achieved. From these 
models expanding the knowledge and extrapolation could shed light on the areas where 
improvements can be made. 
Many approaches can be taken to analyze the experimental data. The problem can 
be treated as an optimization problem, maximizing a gain, be it quality or production rate, 
or minimizing a cost, be it degradation, number of defects or residual stresses. Data fitting 
and linear regression can also be used to derive parametric equations relating parameters 
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to the process. Another possible route is the use of machine learning, through genetic 
algorithms, support vector machine or neural networks. If enough data is available for 
analysis, and the problem proves to be highly non-linear, this option can be very useful. A 
review article [54] of the data analysis techniques used in metal cutting processes 
summarizes the possible approaches that can be used for parameter classification and 
optimization. Those same approaches are applicable when analyzing automated composite 
manufacturing and are shown in Figure 2.2. Taguchi method was used in [55] to find the 
Figure 2.2: Possible approaches to a) parameter relationship modelling and b) parameter 
optimization [54] 
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experimental set of parameters that influences the process of PEEK/CF tape winding. Three 
factors (speed, compaction pressure, laser power) at three levels were studied. Then the 
bonding strength was evaluated using short beam shear (SBS) test. The relative influence 
of each process parameter on the bonding strength was then evaluated using analysis of 
variance (ANOVA) technique. The results showed that the laser power was the primary 
influence to the development of the bonding strength while compaction pressure had little 
influence. A design of experiment (DoE) approach using Latin Hypercube sampling was 
conducted to determine the viable parameter space to test. An analytical model of the heat 
transfer between the laser heaters and the substrate was used to get the experimental data 
needed in [45]. DoE is also used in [43] to characterize the tackiness of IM7 prepreg tows  
at different humidity and temperature. Quadratic relations and response curves, mapping 
the tackiness to the relative humidity and other parameters, were derived from the results 
of the experiments using Design Expert software. 
The process parameters were analyzed using response surface curves and optimized 
for production rate and quality of product in [56]. The experiments were performed on a 
[0, +45, -45, 90] thermoplastic laminate. The assessment of quality was carried out based 
on three criteria: first layer adhesion to the tool surface, the tows adhesion to the next layers 
and first layer remaining stuck to the tool after process is done. The quality characteristics 
are then coded into quantitative form as an index from 1 to 9 to allow for the response 
surface method optimization.  Only one factor is changed at a time while the other two are 
set at their middle values. A quadratic equation using central composite design describing 
the quality was then deduced. Response surface method is used to infer the relations 
between temperature/speed and speed/compaction. Hence, setting quality as a constraint 
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and solving for maximum speed an optimal value for temperature and compaction were 
found maintaining a desirable quality index. Sonmez et al. in [57] used a Zero-order 
numerical optimization algorithm called Nelder-Mead, which is a local search algorithm, 
to optimize for quality and speed. They used models of heat transfer, crystallization, degree 
of bonding and healing from their previous work in [10,23] on thermoplastic composite to 
run virtual experiments. The quality of layup was evaluated by considering peak residual 
stress, thermal degradation and degree of bonding. The problem was considered a 
minimization of residual stress where thermal degradation and consolidation are 
constrains. Weight loss, which was the indicator of degradation, was constrained to <0.01% 
and degree of bonding was set to 100%. Solving the optimization equation gave the 
processing parameters that will result in minimum residual stresses. Considering the 
problem as a maximization of layup speed where the constrains are still thermal 
degradation (weight loss) and degree of bonding which was relaxed to 80%, assuming that 
is enough to prevent the part from delamination during the process. This will not lead to 
the total in-situ consolidation and the part will need post processing. A higher processing 
of speed of 4.8 m/min was achieved. 
Brüning J et al. in [58] demonstrate a quasi-machine learning approach to find the 
correlation between the process parameters and the thermal behavior of the material during 
layup. Data gathered included positional data, velocity, local temperatures, compaction 
pressure, and detected gaps. The variables are divided into input variables which are the 
speed, compaction pressure, and output variables being the surface temperature and gap 
locations. Regression analysis (linear regression) is used to identify the relations between 
the compaction pressure and the temperature at nip point which is measured by means of 
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online thermography. A total of 84,000 data sets were available in this study. The main 
purpose of this paper was to show that an aggregation of data collected during layup can 
hold valuable insight when analyzed using machine learning which can be used to make 
the process more consistent and optimal. However, the authors did not expand their work 
to include any non-linear machine learning techniques. 
An Artificial Neural Networks (ANN) approach to model the nonlinear relationship 
between the process parameters and the end quality is described in [59–61]. The attempt 
was to build an open loop online control system that can adjust the parameters on the fly.  
Using a thermoplastic tow placement process simulation, 10,000 of input-output data 
points were generated for each pass. Model inputs were head velocity, distances of torches 
(which could give the processing temperature), temperatures of tool and rollers, roller 
forces, and layer number. Model outputs was the quality parameters. Quality was assessed 
based on degree of bonding or intimate contact, void content and degree of consolidation 
(which is a function of temperature and time at which temperature was greater than Tm). 
To determine which parameters are the most important to the quality and reduce the input 
space, the values are all fixed at 50% of their range and one input is varied at a time. This 
revealed that the layer number, layup speed, torch distance (which directly affects the 
process temperature) and roller force, mainly influence the void content.  Degree of 
intimate contact is influenced by speed, layer number and torch distance. A quality 
distribution with respect to speed and torch distance was studied, revealing the window of 
possible parameters yielding the quality requirements. The ANN model was able to predict 
the quality in 0.1s given the input parameters. That allowed for the instantaneous control 
of the parameters, making a numerical optimization possible. 
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Least square support vector machine (LSSVM) was shown to be an effective 
method to predict the quality even with a limited data set in [62]. Then genetic algorithm 
optimization was carried out to obtain the optimum values of parameters. 
To summaries, there are two approaches to the data analysis of experimental 
findings in regards to the process parameters: Conventional, and non-conventional. 
Depending on the amount of the data available as well as the number of variables that are 
considered one can decide which of the two approaches offers the best solution. A 
conventional approach would be best in case the data is limited and generated through 
experimental data. Design of experiment and linear regression techniques can be used to 
derive relations between the outputs and inputs, and form parametric relations between the 
variables. These relations can facilitate the discovery of the proper process window for 
each of the variables. However, in case of a larger data set (in the order of thousands of 
data points), which can be generated through simulation models, a non-conventional 
approach such as machine learning is the best approach. The advantage of machine learning 
such as ANN or SVM is that it can offer some predictive abilities which we can use for 
new data. 
2.4 CONCLUSION 
Developing a thorough understanding of the process parameters governing the 
automated layup of composites is an important step towards achieving full process control. 
By studying the interactions between the various process parameters one can increase the 
consistency and quality of automated composite layup. Three elements are essential to 
develop that understanding: (1) Experimentation, (2) Quality Assessment and (3) Data 
Analysis. 
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In the experimentation step, various target variables are specified and an 
appropriate experimental process is carried out to evaluate their effects. As was shown in 
this review, the factors affecting the automated layup process are numerous. To account 
for all the factors during production would be very challenging. However, we can notice 
that the primary process driving factors were layup speed, compaction pressure and 
temperature. These factors were also seen to have the most influential interactions in 
regards to each other. Other factors like ambient conditions, roller type and others, were 
discussed in section 2.4. While these factors did affect the layup process, the literature 
shows that their interaction with other factors is limited and their effects can be avoided by 
setting the right initial conditions. Those conditions can also help improve the overall 
quality of the process. 
In regards to quality assessment, it is important to identify at which stage the quality 
tests are to be carried out. Thermosets goes on to an autoclave curing cycle at high pressure 
after layup. This high pressure will remove the voids and increase the interlaminar bond 
strength. Hence, if the quality is to be assessed before cure (in the material green state), 
some quality parameters, such as void content can be relaxed. A good indicator of quality 
of layup prior to cure would be the number of defects that are occurring, their degree of 
severity, as well as the overall adhesion of the layers. To detect the number of defects, 
visual inspection as well as imaging techniques like thermography or profilometry can be 
carried out. To assess layer adhesion, observing and assessing the adhesion of both (1) the 
first layer to the tool surface and (2) the last layer to the substrate are good indicators of 
the quality of the process. An assessment of the interlayer adhesion of the laminate can 
also be a good indicator of the quality of the process, despite the fact that after curing that 
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value will change. Interlaminar adhesion will indicate the level of tackiness that was 
achieved during layup, which varies according to the parameters used. A good approach 
would be to evaluate the interlaminar strength at the middle of the laminate which have 
undergone several compaction cycles. 
In the last step one will typically obtain data sets in the form of inputs and outputs. 
The inputs being the process parameters that were used during each experiment and outputs 
being the quality indexes that were obtain from the quality tests. An appropriate rubric that 
clearly identify the output quality indexes can be developed. Depending on the size of that 
data set, a decision can be made between adopting a conventional or non-conventional 
approach. A conventional approach like response surface mapping and linear regression 
offer a good approach to analyze a limited amount of data. The relations between inputs 
and outputs can help identify the parameters that are major contributors to the experiments, 
and highlight their effects and interactions. If a sufficiently large data set has been 
developed, one could consider an implementation of machine learning algorithm such as 
ANN and SVM to drive the interactions between process parameters and the quality 
indices. 
Performing these three steps will allow the development of a process window for 
each variable for any material. An optimization step can take place after that by filtering 
through the process windows and choosing the combinations that lead to maximum 
productivity while maintaining a minimum quality requirement. 
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CHAPTER 3 
EFFECTS OF PROCESS PARAMETERS ON FLAT FIBER LAYUP 
3.1 INTRODUCTION 
This chapter presents the investigation of process parameters on the manufacturing 
of flat composite layups using AFP. The layup quality, in terms of (1) adhesion and (2) tow 
integrity, provided the fundamental understanding of process parameters effect and 
influence. Two types of material were assessed during this experimental analysis: (1) High 
tack (HT) thermoset prepreg  and (2) Low tack (LT) thermoset prepreg by Toray Industries. 
While the matrix phase is different between these different types of materials, both had the 
same carbon fiber reinforcement. The LT material is stiffer than the HT and not as flexible 
at room temperature. Experiments were divided into three stages. First stage was to assess 
the effects of the parameters on a first layer of material, which will be in contact with the 
tooling surface. The second stage assessed the effects of layup on a substrate. The third 
stage was to expand the assessment of the effects of layup on substrate in order to 
accurately pinpoint the threshold of the process window. The following sections will 
elaborate in depth the experimental procedure and present the results. 
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3.2 EXPERIMENTAL PROCEDURE 
3.2.1 Process Parameters 
As was shown extensively in the literature review, AFP process parameters are the 
principal factor in determining the quality and consistency of a layup. Process parameters 
can be divided into two categories: (1) control parameters and (2) noise parameters. The 
control variables being: Compaction pressure, Head speed and Temperature. The 
temperature is directly related to the power of the heater in use. Examining the Lynx AFP 
machine equipped with the HUMM3 heater, we could see that the power was actually 
dependent on three other variables: Voltage, frequency and pulse time. Table 3.1 shows 
the low and high thresholds of these parameters. By fixing the frequency at 60 Hz and the 
pulse time at 2ms, we could obtain exact increments of power by varying the voltage. The 
power of the HUMM3 was mapped out by measuring the instantaneous current and voltage 
at each pulse duration at a certain frequency. Figure 3.1 shows the distribution of the power 
of the heater as function of voltage at different pulse durations. 
Figure 3.1: Power of Humm3 function of Voltage for frequency of 60 Hz 
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Table 3.1: List of AFP process parameters low and high limits 
Parameter Low High 
Compaction force 100 lb (machine standard) 200 lb 
Layup Speed 10 m/min 
20 m/min for [90] 
28 m/min for [45] 
40 m/min for [0] 
Heater Voltage 100 V 250 V 
Heater Frequency 20 Hz 1000 Hz 
Heater Pulse time 1 ms 5ms 
   
Power 50 Watts 6000 Watts 
 
The IMT Lynx machine has an open-loop heating mechanism. To build confidence 
in the heat parameter selection, a correlation between both the heater power and the 
measured layup temperature, through thermography, is investigated. With respect to layup 
feedrate, the lower limit was chosen to be a moderate speed at 10 m/min (393.7 in/min). 
Low speed values will not provide significant insight since at lower speeds the effects and 
interactions of the parameters are less prominent. Additionally, it was desired to remain 
around production rates within the boundaries of the experimental setting. Hence, the upper 
limits were chosen to be the maximum possible by the AFP machine which was 40 m/min 
(1574.8 in/min) for 0 degree fiber direction. The compaction pressure limits were chosen 
according to the machines capabilities, the lower bound being the standard setting and the 
upper bound being the maximum allowable pressure. 
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Noise factors include: (1) Ambient temperature and humidity, (2) Resin build-up, 
(3) Material handling, (4) Thermal History, and (5) Operator. However, accounting for all 
the variables in the process is unfeasible, hence, the experimental analysis was carried out 
for the control variables which are the major effectors. To minimize the interference of the 
noise factors on the experiments, the following steps were taken: 
 Insure consistent environmental conditions in the AFP room and recording 
of temperature and humidity conditions 
 AFP head thoroughly cleaned at start of every experiment 
 Materials stored at low temperature in the refrigerated creel of the AFP for 
the duration of the experiment 
 Layup strategy insures minimal machine defects and consistent thermal 
history 
 Same operator is controlling the AFP machine for the duration of the 
experiment, to insure minimum human judgement errors 
3.2.2 Design of Experiments (DOE) 
A DOE capable of capturing any non-linear variation in the effects of the 
parameters, as well as providing enough information to determine the process window, was 
constructed. The process window is the operating range within which the material quality 
would be deemed acceptable. For that reason, three levels for each factor were selected as 
that would give sufficient design space, while not generating an excessive number of 
experiments as shown in Table 3.2. 
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Table 3.2: The levels of the main process parameters 
Factors Level 1 (Low) Level 2 (Middle) Level 3 (High) 
Power 2040 W 3400 W 4060 W 
Compaction force 100 lb 150 lb 200 lb 
Feedrate 10 m/min 25 m/min 40 m/min 
 
A 3k full factorial design was selected for all stages of the experiment. Full factorial 
design is the most efficient when studying two or more factors, since it covers all possible 
combinations. This is important for understanding the change in response as the level of 
each factor changes. A full factorial experiment also allows to observe the interactions 
between the factors and their combined effect on the output [63]. 
 
In the first stage of experiments, a three level, three factor design is considered. The 
full set of configurations resulting from a 33 is shown Table 3.3. Hence the total number of 
possible configurations is 27, with each configuration resembling a unique combination of 
power, compaction and speed levels. The configurations were then assigned to individual 
courses, and each course was repeated twice. Figure 3.2 illustrates the distribution of the 
27 configuration relative to the AFP tooling surface. The purpose of this stage was to assess 
the effects of the parameters on first layer layup. It is well known, for AFP processing, that 
the placement of the first ply in the laminate is always peculiar as we are placing on Mylar, 
uplex, peelply or another form of material, but not an underlying layer of CFRP. 
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Table 3.3: List of all possible configurations for a three level, three factor design 
Configuration # Power Compaction Speed 
1 Low Low Low 
2 Low Low Middle 
3 Low Low High 
4 Low Middle Low 
5 Low Middle Middle 
6 Low Middle High 
7 Low High Low 
8 Low High Middle 
9 Low High High 
10 Middle Low Low 
11 Middle Low Middle 
12 Middle Low High 
13 Middle Middle Low 
14 Middle Middle Middle 
15 Middle Middle High 
16 Middle High Low 
17 Middle High Middle 
18 Middle High High 
19 High Low Low 
20 High Low Middle 
21 High Low High 
22 High Middle Low 
23 High Middle Middle 
24 High Middle High 
25 High High Low 
26 High High Middle 
27 High High High 
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In the second stage of experimentation, a similar approach for the experimental 
design was taken. A 33 full factorial design was implemented with a different layup design. 
This stage was to assess the effect of the parameters on substrate to substrate layup, and 
map the outline of the process window operating thresholds. For that purpose, we first 
placed three plies, prior to conducting the experiment on the fourth layer. The dimensions 
of the layup were also adjusted to fit the limits of the Lynx machine. Similar to stage one, 
each course was assigned a unique configuration. More details will be discussed in the 
manufacturing section. 
 
Figure 3.2: Illustration of the 27 configuration AFP layup 
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The purpose of stage 3 was to expand the experimental space which was explored 
in stage 2. This was done to more accurately pinpoint the thresholds of the process window. 
The process parameter combinations for this stage were chosen according to the results 
that were obtained from the prior stages. 
3.2.3 Quality Assessment 
The effects of the process parameters were to be assessed according to the quality 
of the layup under each configuration. Hence a quality parameter was defined to be as the 
output parameter. The quality was assessed in two ways: (1) Number of perfect tows, (2) 
Percentage of tow adhesion. Each method gave an index from which we can obtain the 
quality parameter for the different configurations. The index in case of the perfect tows 
was a number from 0 to 8, corresponding to the average of perfect tows that occurred during 
the two courses of each configuration. We regarded the tow that was adhered thoroughly 
to the previous layer without obvious defect as a perfect tow. And the number of perfect 
tows was counted in each deposition as is shown in green letter in the Figure 3.3. The 
percentage of tow adhesion, was determined by taking the average of the sum of the 
adhered length fraction as is shown in equation (1) and (2).  
𝑇𝑜𝑤𝐴𝑑ℎ𝑒𝑠𝑖𝑜𝑛𝑖𝑗 =  
𝐴𝑑ℎ𝑒𝑟𝑒𝑑 𝐿𝑒𝑛𝑔𝑡ℎ𝑖𝑗
𝑇𝑜𝑤 𝑙𝑒𝑛𝑔𝑡ℎ𝑖𝑗
 
  
(1) 
𝑇𝑜𝑡𝑎𝑙𝐴𝑑ℎ𝑒𝑠𝑖𝑜𝑛 =  
∑ ∑ 𝑇𝑜𝑤𝐴𝑑ℎ𝑒𝑠𝑖𝑜𝑛𝑖𝑗
8
𝑖=1
2
𝑗=1
2
   
𝑤ℎ𝑒𝑟𝑒,  
𝑖 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑜𝑤    
𝑗 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑢𝑟𝑠𝑒 
  
(2) 
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High quality images were captured of each configuration showing the two courses 
in the configuration. The adhered length fraction was measured by taking the count of 
pixels in those images for the adhered section of the tow and dividing them by the pixels 
corresponding to a full tow length. The summation of those fraction gave a number between 
0 and 8 which could be converted into a percentage. 
Both methods were based on visual assessments, so errors were natural to occur. 
However, this index gave a very good idea on how each parameter is affecting the quality, 
especially since there was a noticeable discrepancy between the effects of one 
configuration and the next. And since the end goal was to find a processing window, this 
method seemed adequate to identify that window. 
 
 
Figure 3.3: Perfect tow assessment 
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3.3 MANUFACTURING 
3.3.1 Design and Programming 
The process was designed in a way to insure three things: (1) Minimal machine 
parameters interference, (2) Boundary limits, and (3) Efficiency. 
To avoid any interferences from the machine parameters, such as machine kinematics, 
calibration and head acceleration, the following consideration were taken into account: 
 One-directional movement is used instead of bi-directional. This insures that 
the courses will be placed adjacent without any course spread/interband offsets 
that could occur due to machine kinematics. Moreover, bi-directionality is a 
feature to increase productivity, as such it is not really relevant for our 
experiment. 
 Slow off piece movement, this in addition to one-directional layup, insures a 
consistent thermal history, where each course initiates from a point where the 
surface temperature isn’t influenced by the prior one. This prevents any 
hotspots/heat build-up from occurring as a result of subsequent passes. 
 Provide enough clearance between one configuration and the next. This insured 
that the roller and heater will have no influence on the courses laid for the 
previous configuration. 
Boundary limits were dictated by the workable area on the mandrel. The workable 
area is defined as the location on the tool where layup can occur within the machine 
limitations. The layup was programmed so it doesn’t extend beyond the machine 
boundaries. They were marked as shown in Figure 3.4. The figure shows the CATIA® 
CAD model of the mandrel on which the layup takes place. The white square, whose 
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dimensions are shown, marks the boundaries of the workable area. To insure efficient layup 
we covered the maximum possible area during each stage. For stage 1, each configuration 
was composed of one course (each repeated twice) having a total length of 450 mm. This 
enabled placement of 27 configurations, without interruptions as is shown in Figure 3.5 
below. For stages 2 and 3, in a similar fashion to stage 1, each configuration was composed 
of one course repeated twice. However, placement was conducted on the fourth layer. This 
insured that the effect of thermal conduction from the tool were minimal. The three initial 
layers had the following stacking sequence [90, 0, 90] or [90, 0̅]𝑠. Dimensions of stages 2 
and 3 courses were different from stage 1, due to machine restrictions. We needed to leave 
enough roll-in and roll-out distance as clearance to allow a safe approach and retract 
motion. As well as, enough distance for the head to reach the programmed speed. The [90, 
0, 90] plies had a length of 1168 mm and width of 840 mm. The courses representing the 
configurations were 800 mm in length. The position of the layup relative to the mandrel is 
shown in Figure 3.6. 
Figure 3.4: Mandrel workable area boundaries 
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Figure 3.5: Stage 1 layup position relative to mandrel 
 
Figure 3.6: Stage 2 and 3 layup position relative to mandrel 
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3.3.2 Tool Preparations and Layup 
As a first trial, the layup was deposited directly on the metal tool surface. The 
surface was cleaned with acetone to remove any resin residue and contaminants, and then 
coated with a sealing agent to seal any scratches and imperfections in the tool surface. After 
that a release agent was applied to insure the layup can be removed from the tool surface.  
During these first trials, the courses were constituted of both the LT and HT material at the 
same time. Tows 1 through 4 were allocated to the HT and tows 5 through 8 were allocated 
to the LT material. This was meant for decreasing the time required to perform the 
experiments and also save on material use. An interesting phenomenon we noticed was that 
the HT and LT material were adhering to each other at the boundary between each four 
tows. This meant that laying up the materials together will affect the assessment of the 
results. So the layup was converted back to having only one material at a time.  
A series of configuration were selected to determine the reaction of the material on 
the metal surface. The power of the heater was varied from 150 W to 6000 W and speed 
was set at many settings reaching as low as 2 m/min, with some configurations being 
repeated twice or more to confirm the result, as is shown in.Table 3.4. Almost all the trails 
resulted in total loss of adhesion, where the course would fall off the surface of the mandrel 
right after deposition. Only two configurations resulted in adhesion which were at 
maximum power and compaction and very low speeds (3 m/min and 2 m/min). However, 
although adhesion occurred the quality of the layup was not good, and the configuration 
with highest possible power and lowest speed (marked in red in Table 3.4) resulted in 
overheating the compaction roller. Smoke was also seen during the layup.  
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During this first trial, the ambient temperature and humidity were 18.5°C and 
58.6%. After reviewing the thermography data, it showed that the surface of the tool was 
at a temperature of 16°C and acted as a heat sink, which made it extremely hard for the 
course to adhere to the metal tool. 
Table 3.4: Set of configuration for tows on metal tool trials 
Power (Watts) Compaction  (lb) Speed (m/min) Adhered Tows 
150 100 10 0 
150 100 40 0 
858 100 40 0 
2250 100 40 0 
2250 100 40 0 
4542 100 40 0 
4542 200 40 0 
5814 100 40 0 
5814 100 40 0 
2040 200 10 0 
3722 200 10 0 
5076 200 10 0 
5076 200 10 0 
5076 200 3 8 
6048 200 2 8 
 
Hence, a backing layer was used to insure the insulation of the heat from the metal 
tool. The backing constituted of: (1) A paper board and (2) a vacuum bagging film. The 
paper board is a thin compressed cardboard that won’t deform under the compression force 
of the AFP head.  
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3.4 RESULTS 
3.4.1 Quantitative data during layup 
During the experiment of 2nd and 3rd stage, temperature data was recorded with IR 
Thermography video camera (FLIR A310). The camera was mounted to tripod on floor 
and it was focused to AFP head to record initial layup movement of AFP machine. Example 
of measured temperature with IR Thermography in Exp.1.2 are shown in Figure 3.7. We 
recorded the thermographic videos during layup and investigated the peak temperature of 
heated material right before pressed by compaction roller (nip point) in each frame. The 
frame rate setting was 10 fps. During layup, the temperatures at several moments including 
initial stage of layup were investigated and the average temperature for each course was 
calculated. Figure 3.8 shows the measured temperature readings during layup in Exp. 1.2 
as function of time at different speeds. In the first chart at speed 10 m/min, the points (A) 
and (B) correspond to the thermography data captured at time: t = 0 s and t = 3.123 s. 
Here, time = 0s corresponds to the initial stage of each layup.  From these graphs 
we found that the temperature reached highest in initial stage of layup. And it will decrease 
Figure 3.7: Thermography images during layup 
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during layup especially in higher speed configuration. This occurs because AFP head was 
accelerating and the speed was slower in initial stage of layup. However, as we can see 
from the plots that at lower speeds the temperature profile is consistent and close to the 
average throughout the course. 
During layup, the AFP head accelerates at the beginning of course and decelerates 
at the end. Hence, the set speed of the head is reached after a certain increment in time. A 
101 mm roll-in and roll-out distance is factored into the trajectory to allow the head to 
move at the programmed speed throughout the course. To observe how the speed is 
changing and when it reaches its programmed maximum, we recorded the actual speeds 
for the three speed settings (10 m/min, 25 m/min and 40 m/min), and plotted these speeds 
at several time increment as is shown in Figure 3.9. We can observe that for the higher 
speeds, there’s almost a 1 second of acceleration before reaching the programmed speed. 
Figure 3.8: Temperature reading at different speeds as function of time 
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This is more pronounced for the highest speed setting, where only a part of the course is 
experiencing the programmed speed. This issue will be addressed in coming experiments 
by increasing the roll-in and roll-out distance to insure a uniform speed throughout the 
course. 
 
3.4.2 The results of 1st stage (1st layer layup onto the bagging film) 
As explained in the quality assessment section, the results were determined 
according to a quality index that gave us an idea on the processability during each 
configuration. For the first layer layup the results for the HT and LT material are shown in 
Table 3.5 and Table 3.6. These results were used to infer the relation between each 
parameter and the quality in terms of adhesion and number of perfect tows. 
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Figure 3.9: Variation of speed as function of time for the 3 speed levels 
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Table 3.5: Quality results for HT material 
Configuration 
# 
Total length of 
adhered tows per 
course 
 
Average Adhesion 
Number of 
Perfect tows per 
course 
Average 
Perfect 
tows Course 
1 
Course 
2 
Course 
1 
Course 
2 
1 6.5531 6.8839 6.718494639 8 7 7.5 
2 0 0 0 0 0 0 
3 0 0 0 0 0 0 
4 7.6218 7.2346 7.428184935 7 7 7 
5 0 0 0 0 0 0 
6 0 1.382 0.691000668 0 0 0 
7 6.8687 7.4901 7.179421636 8 7 7.5 
8 0 0 0 0 0 0 
9 0 0 0 0 0 0 
10 8 7 7.5 8 7 7.5 
11 3.852 6.5982 5.225104216 2 7 4.5 
12 5.82 4.2874 5.053662256 2 2 2 
13 8 7.9116 7.955807653 8 6 7 
14 6.7912 6.9707 6.880931728 4 6 5 
15 6.7547 5.9861 6.370370972 5 3 4 
16 8 5.9432 6.971597346 8 6 7 
17 5.5506 6.5165 6.033553707 4 4 4 
18 6.8848 4.9114 5.898088014 4 4 4 
19 6 8 7 6 8 7 
20 7.7637 7.6577 7.710699996 8 8 8 
21 7.1286 6.95 7.039265492 7 6 6.5 
22 8 3.8971 5.948542024 8 1 4.5 
23 7.2901 7.2414 7.265764381 7 7 7 
24 6.6307 7.4184 7.024550228 7 6 6.5 
25 2 1 1.5 1 2 1.5 
26 7.8493 5.2967 6.573001274 7 0 3.5 
27 7.8714 7.5923 7.731865499 8 8 8 
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Table 3.6: Quality results for LT material 
Configuration 
# 
Number of adhered 
tows per course 
Total Adhesion 
Number of Perfect 
tows per course 
Total 
Perfect 
tows 
Course 
1 
Course 
2 
Course 
1 
Course 
2 
1 2.4157 5.4883 3.951969387 3 2 2.5 
2 0 0 0 0 0 0 
3 0 0 0 0 0 0 
4 1.2295 4.9899 3.1097 0 3 1.5 
5 0 0 0 0 0 0 
6 0 0 0 0 0 0 
7 2.198 3.4688 2.833427545 3 3 3 
8 0 0 0 0 0 0 
9 0 0 0 0 0 0 
10 7.3914 7.8776 7.634499197 6 8 7 
11 0 0 0 0 0 0 
12 0 0 0 0 0 0 
13 7.8291 7.8591 7.84408189 8 8 8 
14 0 0 0 0 0 0 
15 0 0 0 0 0 0 
16 7.9181 7.9389 7.928521965 8 8 8 
17 0.1081 0 0.054033486 0 0 0 
18 0 0 0 0 0 0 
19 7.8223 NA 7.8223 8 8 8 
20 0 0 0 0 1 0.5 
21 0 0 0 0 0 0 
22 7.9058 8 7.952878788 8 8 8 
23 0.228 1.3274 0.777692308 0 0 0 
24 0 0.2932 0.146577381 0 0 0 
25 7.9226 8 7.961322704 8 8 8 
26 0 0 0 0 0 0 
27 0 0 
0 
0 0 0 
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We can see that both indexes provide close indication to the quality of the layup. And 
since these are visual assessments and are prone to human errors, we opted to only 
consider the number of perfect tows for the next two stages. The average performance of 
each parameter, i.e. how much each factor contributes to the quality parameters was 
analysed. The results are shown below in Figure 3.10 and Figure 3.11. We can see that 
the main effectors are the power and speed, while the compaction has a minimal effect, 
especially in the case of the LT material where the mean of the number of tows is almost 
constant function of the three levels of compaction. This observation is also confirmed 
when looking at the analysis of variance ( 
Table 3.7), where the P-value for compaction is greater 0.05, which means that the 
compaction has little statistical significance on the mean of the results. From this analysis 
we can also see the general trend of the effects of these parameters on the quality. The 
average number of perfect tows increases with increasing power and decreases as the speed 
2
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Figure 3.10: Average effect of each parameter with respect to number of perfect tows for 
HT material 
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increases, which is in-line with our initial expectations as well as the literature. However, 
we can notice one difference between the HT and the LT material. The effect of the speed 
is much more pronounced as compared to the effect of the power in the LT material than 
in the HT material. 
 
Table 3.7: Analysis of variance for HT material results 
Source DF Adj SS Adj MS F-Value P-Value 
Model 6 105.833 17.639 2.86 0.036 
  Linear 6 105.833 17.639 2.86 0.036 
    Power 2 56.130 28.065 4.54 0.024 
    Compaction 2 3.352 1.676 0.27 0.765 
    Speed 2 46.352 23.176 3.75 0.041 
Error 20 123.519 6.176       
Total 26 229.352          
 
Figure 3.11: Average effect of each parameter with respect to number of perfect tows for 
LT material 
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3.4.3 The results of 2nd stage and 3rd stage (layup onto the prepreg layer)  
For stage 2 and 3 the quality index was recorded in terms of the number of perfect 
tows. Since it was seen from the results of stage 1 that the compaction pressure had minimal 
effect on the quality, the compaction was set at 100 lb for stage 2 and 3 experiments. We 
ran some verification experiments at different compaction levels and the result was similar 
to what we have seen in stage 1. So the results listed in this section are going to be the 
results of the experiments preformed at 100 lb compaction. Measured temperature (initial 
and average) and number of adhered (perfect) tows in each configuration for both materials 
are shown in Table 3.8 and Table 3.9 for the HT and in Table 3.10 and Table 3.11 for the 
LT. The temperature and tow columns have two readings corresponding to the data 
recorded from two courses. As mentioned before, the goal of stage 2 was to map out the  
Table 3.8: Stage 2 results for HT material 
Power 
(Watts) 
Compaction  
(lb) 
Speed  
(m/min) 
Average  
Temperature 
(°C) 
Initial 
Temperature 
(°C) 
Number of  
Perfect Tows 
2040 100 10 
41.14285714 40.8 8 
42.31666667 42.4 8 
2040 100 25 
33.35714286 36.3 6 
32.14285714 34.4 5 
2040 100 40 
30.5 36.2 2 
30.68333333 37.4 2 
3384 100 10 
62.13333333 63.4 8 
65.6 67.8 8 
3384 100 25 
45.63333333 50.4 8 
45.68 45.8 8 
3384 100 40 
45.68333333 53.4 8 
45.8 52.6 8 
4060 100 10 
70.01666667 68.2 8 
73.73333333 76.8 8 
4060 100 25 
51.2 54 8 
50.66 53 8 
4060 100 40 
47.4 53.6 8 
47.38 50.5 8 
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Table 3.9: Stage 3 results for HT material 
Power 
(Watts) 
Compaction  
(lb) 
Speed  
(m/min) 
Average  
Temperature 
(°C) 
Initial 
Temperature 
(°C) 
Number of  
Perfect Tows 
428 100 10 
27 27.2 0 
27.48 27.7 0 
703 100 10 
31.8 32 3 
31.58 32.6 2 
840 100 10 
33.85 33.9 6 
33.23333333 31.4 6 
978 100 10 
31.26 32 8 
32.22 33 8 
978 100 25 
27.94 28.6 0 
28.58 29.9 0 
978 100 40 
27.62 28.6 0 
28.38 30.2 0 
1230 100 25 
33.62 34.3 0 
33.18 33.4 0 
1230 100 40 
33.425 34.7 0 
35.4 35.4 0 
1485 100 25 
33.14 35 0 
33.06 35.3 0 
1485 100 40 
34.7 40.2 0 
31.2 34.1 0 
1670 100 25 
37.74285714 38.5 6 
37.74 38.8 6 
1670 100 40 
36.6 36.6 2 
36.93333333 39.3 3 
1855 100 25 
41.96666667 44.6 8 
42.16666667 42.8 8 
1855 100 40 
39.35 41.3 2 
40 42.5 3 
2040 100 10 
41.9 43.5 8 
42.16 45 8 
2040 100 25 
34.2625 35.8 8 
34.46 37.9 8 
2040 100 40 
34.28333333 41.8 8 
34.51428571 40.2 8 
2578 100 10 
63.16666667 61.6 8 
64.06666667 64.6 8 
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 rough thresholds of the processing window. That was accomplished through alternating 
the speed and power settings between the three assigned levels. This gave us an idea here 
the edge of the processing window is, and then in stage 3, we expanded the results to 
clearly identify the processing window. 
The numbers of adhered tows from the results of stages 2 and 3 are categorized into 
3 categories: Perfect adhesion = 8 tows, Moderate adhesion = 4-7, and Poor adhesion = 0-
3 tows. The results are plotted in the charts of temperature vs speed in Figure 3.12 for HT 
material and in Figure 3.13 for LT material. Results are plotted with respect to average 
temperature and initial temperature.  
 
 
Figure 3.12: Processing window for HT material 
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It was found that when  plotting the data with initial temperature, the boundary 
between 8 tows area and other areas gets clearer compared to the one with average 
temperature. It might mean that adhesion result is more sensitive to initial temperature than 
average temperature. By the results of the initial temperature chart, the processable window 
was identified, which is marked by the green area, and un-processable region, which is 
marked by the red area, for HT material. It became clear that when head speed is higher, 
the temperature necessary for tow adhesion gets higher. And in the area between 30-40 °C, 
there is a mix of all adhesion levels. This is most likely caused by the variation of the noise 
factors. In that region of the processing window, the control factors are in the mid-range of 
Figure 3.13: Processing window for LT material 
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their values, hence, the effect of the noise factors is more tangible. The same approach is 
utilized to identify the processing window of the LT material. We can see that the 
processible window (green area) occurs at a higher temperature compared to that of the HT 
material, where we don’t see perfect adhesion until around 70 °C. The processing region 
for the LT material is also limited to lower speeds where only partial adhesion was seen at 
a speed of 40 m/min. 
Table 3.10: Stage 2 results for LT material 
Power 
(Watts) 
Compaction  
(lb) 
Speed  
(m/min) 
Average  
Temperature (°C) 
Initial 
Temperature 
(°C) 
Number of  
Perfect 
Tows 
2040 100 
10 43.64 46 0 
10 45.32 45.6 0 
2040 100 
25 N/A N/A 0 
25 N/A N/A 0 
2040 100 
40 N/A N/A 0 
40 N/A N/A 0 
3384 100 
10 65.82 64.4 7 
10 N/A 0 7 
3384 100 
25 46.76 48.7 0 
25 N/A N/A 0 
3384 100 
40 N/A N/A 0 
40 43.68 50 0 
4060 100 
10 74.74 76.3 8 
10 N/A N/A 8 
4060 100 
25 53.55 61.5 0 
25 56.46 59.3 0 
4060 100 
40 49.62 55.3 0 
40 N/A N/A 0 
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Table 3.11: Stage 3 results for LT material 
Power 
(Watts) 
Compaction  
(lb) 
Speed  
(m/min) 
Average  
Temperature (c) 
Initial 
Temperature (c) 
Number of  
Perfect 
Tows 
3384 100 
4 98.88 109 8 
4 N/A N/A N/A 
3384 100 
8 73.22 77 8 
8 N/A N/A N/A 
5076 100 
10 N/A N/A N/A 
10 79.7 78.8 8 
5076 100 
25 59.38 71.3 0 
25 N/A N/A 0 
5076 100 
16 65.18 65.8 5 
16 N/A N/A 4 
5076 100 
40 50.08 61.5 0 
40 N/A N/A 0 
6048 100 
25 N/A N/A N/A 
25 80.48 89.9 8 
6048 100 
40 67.54 87.2 4 
40 71.06 82.1 4 
 
3.5 CONCLUSION 
From the results of the experiments few important observations can be deduced: 
 The layup quality is mostly sensitive to layup speed and temperature. The 
compaction had minimal effect. 
 Layup directly on the tool is highly affected by the ambient conditions observed 
during layup. At a room temperature of 22°C, the tool temperature was observed to 
be 20°C which allowed the tows to adhere at speeds reaching up to 8 m/min. 
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 Depending on the configurations of the heater and speed, some defects such as non-
adhesion occurred. And by adjusting those parameters, the processing window 
which allows tapes to adhere to the prepreg layer was found successfully. 
 It was quantitatively found that feedrate and provided temperature was not constant 
during layup for the same power setting. The degree of heat transition depended on 
configuration of the heater (in terms of power) and feedrate in use. When the heater 
or speed settings are high, the temperature obtained tend to change drastically. 
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CHAPTER 4 
EFFECTS OF PROCESS PARAMETERS ON CURVED FIBER LAYUP
4.1 INTRODUCTION 
This chapter presents the investigation of the process parameters in the 
manufacturing of curved fiber layups using AFP. The curved paths consisted of steered 
courses having several radii of curvature starting at 2032 mm (80 in) and down to 508 mm 
(20 in). Again, the material assessed during this experimental analysis were the HT and LT 
prepreg material. Both materials are made by Toray Industries. While the matrix phase is 
different between these different types of materials, both had the same carbon fiber 
reinforcement. The layup quality obtained in terms of (1) tow adhesion to the substrate and 
(2) degree of wrinkling, provided the fundamental understanding of the process 
parameters’ influence on layup. The experiments were split into two stages: The first stage 
was to assess the interaction between the control parameters and quality at different radii 
of steer. The second stage was to investigate a series of other parameters to verify a few 
hypotheses and observations that were carried on from stage 1 and the linear path 
experiments. The following sections will elaborate in depth the experimental procedure 
and present the results. 
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4.2 EXPERIMENTAL PROCEDURE 
4.2.1 Process Parameters 
In AFP, when manufacturing complex geometries that have varying curvatures, the 
tows are forced to be steered. That steering will usually cause defects along the courses 
such as wrinkling, folding, tow lift and others. The literature on steering is mainly focused 
on the numerical modelling of the buckling or wrinkling when steering fibers. However, 
there is limited discussion on the effect of process parameters on steering when using AFP. 
Process parameters like temperature and feedrate can have a major effect on the existence 
and distribution of defects when making steered courses [64]. To investigate how the 
process parameters are contributing to the formation of these defects, a series of 
experiments were constructed to highlight those effects. As before, the process parameters 
needed to be divided into two categories: (1) control parameters and (2) noise parameters. 
The control variables that were considered are: Feedrate, temperature, compaction and tow 
tension. One more variable was investigated which was the head cooling, which will be 
explained in a later section. As was explained in Chapter 3, the temperature is directly 
related to the power of the heater in use and for these experiments the HUMM3 heater was 
equipped on the AFP head. Following the same procedure as before, the frequency was set 
at 60 Hz and the pulse time at 2ms, while the voltage was varied to obtain the desired power 
(refer to Figure 3.1). Moreover, similar to the linear path experiments, the noise factors 
were considered, and those included: (1) Ambient temperature and humidity, (2) Resin 
buildup, (3) Material handling, (4) Thermal History, and (5) Operator. Precautions were 
taken to minimize the interference of the noise factors on the experiments and insure 
consistency throughout the whole process. 
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4.2.2 Design of Experiments:  
A different approach was taken from the linear path experiments, where not all the 
possible combinations of the process parameters were explored. Instead, the approach was 
a moving grid search focused first on finding the threshold temperature for each radius of 
steer, then on sampling a series of conditions that would reveal if the parameter being 
varied has a significant effect or not. The reason for that was to reduce the number of runs 
needed, as the main focus was finding the process window for each radius of curvature for 
the significant parameters. Again, this whole process was done for the HT material and the 
LT material. 
 The control factors and their respective levels are shown in Table 4.1. Two feedrate 
settings (Low and High), and two compaction settings (Default and High) were chosen, 
while the temperature was varied freely according to observations on the spot to find the 
threshold. When that was accomplished, the effects of the tow tension and other parameters 
were tested at a variety of settings. This approach allowed the reduction of the number of 
experiments needed to find the process window for temperature (which was the main 
parameter under study for steering).  
Table 4.1: The levels of the process parameters that were considered 
Factors Levels 
Power 
Changed Incrementally (in terms of voltage as explained in 
Chapter 3) depending on observations 
Compaction force Default (445 N = 100lb) High (667 N = 150 lb) 
Feedrate 9.144 (m/min) = 360 in/min 21.336 m/min = 840 in/min 
Tow Tension 1 N 3 N 5 N 10 N 20 N 
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In the first stage of experiments, two types of layup would take place. First a straight 
courses layup was done, to be used as control and as a benchmark for comparison with the 
steered courses. This also allowed for the reconfirmation of the previous results. After the 
straight layup, four radii of curvature for the steer were chosen, 2032 mm (80 in) 1524  mm 
(60 in) and 1016 mm (40 in) and 508 mm (20 in). These will be referred to as R80, R60, 
R40 and R20 respectively throughout the rest of the document. These values were chosen 
to represent the thresholds usually used in industry (around R60) and to test the material 
steering capability at very small steering radii. During stage 1, only the low feedrate was 
chosen due to programming constraints which will be explained in section 0. The materials 
used during this stage were the LT and HT materials. As before each configuration was 
assigned to one course. The configurations were to be laid down starting from the third 
layer after a [0, 90] base ply was laid down first. After each 90° ply had no more room for 
experiments, a fresh 90 ply was put down and the experiments were carried on. Figure 4.1 
and Figure 4.2 show the distribution of the courses on the base ply for the R80 and R20 
configurations respectively. The green contours are the boundaries of each course. 
In this stage, a series of other parameters were selected to be investigated. These 
parameters included: Compaction, tow tension, head cooling, higher feedrate, heater 
position, and HUMM3 crystal shape. Not all the results will be shown from this stage, as 
some didn’t contain enough data and were inconclusive. The already programmed 
configurations from stage 1 were reused in this stage, and so the results in this section will 
be displayed in terms of the radius of curvature used when varying these parameters.  
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4.2.3 Quality Assessment 
The effects of the process parameters were to be assessed according to the quality of 
the layup under each configuration. In the case of steering, the quality of the layup was 
assessed in two ways: (1) How well the tows adhered to the surface of the substrate, and 
(2) the degree of wrinkling caused by the steering at each configuration. Visual inspection 
was used to assess these quality parameters. The quality of adhesion was easy to classify, 
where if any length of the tows didn’t stick down to the substrate, which was considered 
loss of adhesion. On the other hand, wrinkling will occur, to different degrees, at almost 
Figure 4.1: Course positions on the base ply (CATIA model) for radius of 
curvature of 80 inches 
 
62 
any radius of steer and at almost any configuration. This is caused by the mismatch in the 
length between the steered tows and the curved path, causing tensile and compressive 
strains and building internal stresses in the tows. When these internal stresses exceed the 
force of adhesion holding the tows to the substrate, the tows release the stress in the shape 
of defects like wrinkles, folds, peel off ...etc. [65]. Moreover, when using 8 tow courses, 
the outermost tows will be subject to higher tensile and compressive strains than the inner 
tows. This is because all the tows are fed at the same instantaneous feedrate, and since the 
peripheral tows see a slightly longer or shorter path, more tension and compression will be 
Figure 4.2: Course positions on the base ply (CATIA model) for radius of 
curvature of 20 inches 
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applied on them by the roller to keep up with the innermost tows. This causes the outer 
most tows (especially the upper side that see more tension forces) to untack from the 
surface easily, even under a good processing window. An example is shown in and Figure 
4.3 and Figure 4.4. As we can see, even if the inner four tows adhere well, the outer will 
untack. Hence, the experiments were performed using only the inner four tows. 
To have a good assessment of what degree of defects in the tows is considered acceptable 
or critical, some testing was needed. First using profilometry, and a system called ACSIS 
(automated composite structure inspection system) [52] height profile scans were taken to 
compare between the size of wrinkles. Figure 4.5 shows an example of these profilometry 
Figure 4.3: Example of 8 tow course layup 
Figure 4.4: Defects occurring when laying down 8 tow courses: 
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scans. The size of the wrinkles can be measured by comparing the pixel width of the 
wrinkle and correlating it to the whole length of the image. The second test that was done 
is as follows: after some steering experiments were performed, 90 degree courses were laid 
down in the middle of the ply to cover up the steered courses that contained wrinkles in 
them, shown in Figure 4.6. Those wrinkles were then observed to see if they would still be 
visible on the next ply. Afterwards, the courses were removed and the areas that had 
wrinkles were observed, as shown in the figure. As can be seen, after laying the courses on 
top of the wrinkles, no apparent defect was caused by the wrinkles on the 90° courses. 
Moreover, when removing those courses and inspecting the areas where the wrinkles used 
to be, we can observe that the wrinkles that were smaller in size have left no trace. Only 
areas where large wrinkles (and folds or lift ups) have occurred left a visible trace and 
caused tow waviness and fiber bunching. 
 
 
Large Wrinkles <0.5 in width 
Small Wrinkles <0.5 in width 
Figure 4.5: ACSIS profilometry scans showing small and large wrinkles 
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Thus, having that in mind, the quality of the layup was split into three categories, 
depending on the observations made after each configuration is laid down:  
(1) A fully tacked course. This includes courses that have fully adhered to the substrate 
and had no wrinkles at all, or wrinkles that were less than 0.5 inches wide.as seen in 
Figure 4.7. This will be considered the high or operational quality and will be color 
coded green in the processing window results, and dubbed as “Tack”. 
(2) Courses that have wrinkles. This include tows that fully adhered to the substrate but 
had wrinkles that were more than 0.5 inches in width as is shown in Figure 4.8. This 
Major wrinkles Minor wrinkle 
90° course layup 90° course layup 
 
Course Removal Course Removal 
Figure 4.6 : Comparison between wrinkle size post course layup 
 
66 
will be considered the medium quality and will be color coded yellow and dubbed as 
“Wrinkle” in the processing window. 
(3) Courses that are untacked. This includes courses that contain tows that partially 
untacked from the substrate, or have defects like folds or lift ups, shown in Figure 4.9. 
This will be considered the lowest quality and will be color coded red and dubbed as 
“Untack” in the processing window. 
 
 
Figure 4.7: Example of a fully tacked course 
Tack 
Wrinkle 
Figure 4.8: Example of course with wrinkles 
Figure 4.9: Example of untacked course 
Untack 
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4.3 MANUFACTURING 
4.3.1 Design and Programming 
Similar to the linear path experiments, the process was designed to minimize any 
machine interference as well as insure the experiments run efficiently and safely. The steps 
taken in the previous chapter were implemented, which were: (1) One directional layup, 
(2) Slow off-piece movement, and (3) Enough clearance between the configurations. 
However, controlling the machine interference proved to be more challenging for the 
steered paths, as the number of machine axes involved in the motion is greater than that 
needed to perform the linear path experiments. This had a major effect on the feedrate of 
the machine. During steering motion, the feedrate is constrained by the axes with lowest 
speed threshold. Hence, if the programmed speed exceeded that value, the machine 
interpolation algorithm during layup would limit it, to allow the slowest axis to keep up 
with the motion. Figure 4.10 shows a graph of the actual feedrate during layup of R80 
course. As can be seen in the graph, the feedrate doesn’t come close to the programmed 
target, while fluctuating a lot at the beginning and end of the course. This led for the need 
to explore the machine NC-code and take extra considerations during post processing. 
Figure 4.11 shows an excerpt of the original code. Marked in the red boxes are the 
commands for tow add (the commands starting with “T”) and cut (the commands starting 
with “S”). We can see there are 8 commands for adding and 8 commands for cutting, 
corresponding to each tow in the course respectively. This occurs because the path is 
steered, hence the tows on the boundary need to be fed sequentially and not at the same 
time to follow the ply boundary, as is illustrated in Figure 4.12. As the roller starts crossing 
over the boundary, the tows are fed one after the other from the bottom to top, whereas if 
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they were fed out simultaneously only one tow would start on the boundary while the rest 
will start outside of it. We can also see, marked in the orange boxes in Figure 4.11, the “U” 
positions; which essentially are the motion commands for the U-axis. The U-axis is a 
rotational axis positioned right before the cut mechanism on the guider slots on the AFP 
head, and it is responsible for feeding out the tows. We can see that during the add and cut 
command lines, the U-axis barely moves (around 6 mm). This point density at the 
beginning of the course means more interpolations are needed to insure the tows are added 
as accurately as possible, and hence the machine slows down automatically to insure that 
the U-axis is engaging at the proper instants. This will happen regardless of the roll-in 
distance. However, for the steering experiments, the desired feedrate needed to be constant 
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Figure 4.10: Actual feedrate vs time for an R80 course before modifications 
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all through the course. Hence, the NC-code needed to be adjusted, manually, since the only 
automatic way to account for that is to redraw the boundaries of the CAD model to be 
Figure 4.11: Unadjusted AFP NC code 
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normal to the course direction. And since the courses were individually specified in the 
composite design to insure the desired placement; and there’s more than 50 courses having 
different radii of curvature; adjusting the code manually was the quicker method. Figure 
4.13 shows the adjusted version of the NC-code shown in Figure 4.11. The individual tow 
feed commands (T commands) were replaced with one command that adds all tows at the 
same time, as shown in the red box. The same was done for the cutting commands (S-
commands). And hence the machine doesn’t have to slow down at those points. This 
decreases the amount of interpolation points at the beginning and end of each course. This 
allowed to bring up the threshold of the feedrate higher than it was. However, there was 
still room for improvement. We know from previous experiments that the U-axis is capable 
of keeping up with feedrates up to 40 m/min. So the limitations on the feedrate must be 
connected to the thresholds on the other machine axis. Inspecting the Siemens CNC 
software shows that the main suspects were the rotational axis: A1 (minor head rotation), 
A2 (major head rotation), K (head bend) and C1 (mandrel rotation). The adjustments for 
these axis were done in the post processing software developed by Ingersoll called Gen2. 
Figure 4.12: Sequential (left) vs simultaneous (right) tow feeding 
 
71 
The A1 and A2 were left to rotate freely, while the K and C1 were bound to stay stationary 
and normal to the head. After all adjustments were done a feedrate of 840 in/min was 
achieved. 
 
Figure 4.13: Adjusted AFP NC-code 
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4.3.2 Tool Preparations and Layup 
As before, the tool was thoroughly cleaned and polished and then coated with mold 
release. During these experiments, the configuration layup was taking place starting on the 
third ply, hence, instead of doing a backing layer (like in the linear path experiments), 
tackifier was used. The tackifier was made by pouring a small amount of acetone on some 
tows from the material in use. The resin from the tows dissolves in the acetone and when 
spreading it onto the tool surface, the acetone evaporates and the resin will stick to the tool 
surface. This will help the incoming ply to adhere onto the tool. The tackifier can 
sometimes cause puckers or small wrinkles on the oncoming layer due to the resin droplets. 
So to avoid those defects, the tackifier was applied with a brush and then carefully spread 
out thinly and evenly to cover the tool surface. This was done to make sure no resin droplets 
formed on the tool surface when the acetone evaporates, instead an even and thin layer of 
resin is formed.  
 
4.4 RESULTS 
4.4.1 Quantitative data during layup 
During these experiments, temperature data was recorded using a Graphtec data 
logger (GL980) and 8 thermocouples, capturing data at 1ms resolution. Four 
thermocouples were placed at the initial point of the course, and four others were spread 
out along the course. Figure 4.14 shows an example of the data readings captured using 
the thermocouples and data logger. Having 8 channels allows to get an initial as well as 
an average temperature reading during each course layup. To avoid the thermocouples 
affecting the results of the steering experiments, the last course in each radius 
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configuration ply was used and all the temperature measurement were done on that 
course, while the other courses were used for running the actual layup. This way the 
wires of the thermocouples didn’t affect the results. 
As was found from the experiments in Chapter 3, the temperature is directly 
correlated to the heater settings as well as to the feedrate settings. So at a certain power 
level, the temperature obtained will change depending on the feedrate setting. Now in the 
case where the feedrate stays constant throughout the layup, this temperature can be easily 
measured, and we are able to confirm with a degree of certainty that a given course is being 
processed at that temperature. However, as we saw in this chapter, in the case of steering, 
the feedrate (after a certain threshold) stops being constant, and instead fluctuates randomly. 
Hence, this fluctuation in the feedrate causes a variation in the temperature profile across 
the steered course. Measuring that temperature profile would be difficult using 
thermocouples or thermography due to the curvature of the path. So to obtain the 
Figure 4.14: Graphtec data logger thermocouple readings 
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temperature profile in such a case a series of runs were conducted to obtain a table of 
temperature values from which any desired value can be obtained if the power and feedrate 
information is available. The runs constituted of a linear path on which the feedrate setting 
was changed across six values as follows: 2.4 m/min, 4m/min, 8 m/min 12 m/min, 20 
m/min, and 40 m/min. These values were then run at three power settings and three 
compaction settings. The temperature was measured at each run and the results that were 
obtained are shown in Table 4.2. 
Plotting these values to obtain a graphical representation, shown in Figure 4.15, we 
can see that the compaction doesn’t have much effect on the temperature values at the each 
power setting. We can also see the trend in the variation of the temperature function of 
speed, which looks consistent among all power and compaction settings. This table of 
values can be used for the extrapolation of any temperature value, as long as the feedrate, 
power and compaction (compaction can also be disregarded if necessary) settings are 
known. Hence, in the case of the steering where the feedrate is fluctuating, by measuring 
the actual feedrate profile, it is possible to obtain the temperature profile as well. It is 
important to mention though, that these values are only valid for the configuration of the 
heater at which the measurements were taken. If the heater position is changed, new 
measurements are required to update the table. This is not a very time consuming process 
(getting all 54 measurements takes around an hour) and hence can be repeated for a new 
heater position, as it will be very useful in predicting the temperature. 
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Table 4.2: Extrapolation table for temperature values at multiple feedrate, power and 
compaction settings. 
Power = 4400 Watts 
(Voltage = 190 V) 
                                Compaction (Newton) 
Feedrate (m/min) 
300  445  600  
40 29.475 28.475 29.9 
20 36.725 35.675 37.525 
12 46.625 45.525 47.95 
8 60.025 57.65 60.4 
4 92.05 90.35 95.575 
2.4 129.45 130.6 133.875 
Power = 3115 Watts 
(Voltage = 170 V) 
                                Compaction (Newton) 
Feedrate (m/min) 
300  445  600  
40 28.225°C 28.3°C 28.4°C 
20 32.8°C 33.05°C 33.4°C 
12 39.175°C 39.775°C 39.875°C 
8 46.7°C 47.4°C 48.25°C 
4 67.825°C 69.4°C 69.8°C 
2.4 92.85°C 97.725°C 95.275°C 
Power = 2040 Watts 
(Voltage = 150 V) 
                                Compaction (Newton) 
Feedrate (m/min) 
300  445  600  
40 25.45°C 26.575 °C 25.8°C 
20 28.575°C 29.55 °C 28.975°C 
12 32.725°C 33.65°C 33.4°C 
8 37.675°C 38.575°C 38.7°C 
4 51°C 50.925°C 53.175 
2.4 66.225°C 65.975°C 69.75°C 
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4.4.2 The results of 1st stage (Radii of steer assessment) 
As explained before, in this stage a series of experiments were conducted while 
varying the process parameters as well as the radius of steer. Four radii of steer were 
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explored R80, R60, R40 and R20. The results were then classified in the three quality 
categories defined in section 3.2.3. The results for both materials HT and LT is shown in 
the Table 4.3 and Table 4.4. 
Table 4.3: Steering experiments of HT material 
Path 
Feedrate 
(in/min) 
Voltage 
(Volts) 
Compaction 
(lb) 
Tow 
tension 
(N) 
Temperature 
(°C) 
Result 
R∞ 360 120 100 3 30 Untack 
R∞ 360 120 100 3 30 Untack 
R∞ 360 130 100 3 34 Untack 
R∞ 360 135 100 3 34 Tack 
R∞ 360 140 100 3 37 Tack 
R∞ 360 150 100 3 43 Tack 
R∞ 360 150 100 3 43 Tack 
R80 360 130 100 3 38 untack 
R80 360 140 100 3 40 wrinkle 
R80 360 145 100 3 45 tack 
R80 360 145 100 3 44 tack 
R80 360 145 100 3 45 tack 
R80 360 150 100 3 48 tack 
R80 360 150 100 3 47 tack 
R80 360 160 100 3 53 tack 
R80 360 180 100 3 68 tack 
R60 360 135 100 3 37 untack 
R60 360 140 100 3 39 untack 
R60 360 145 100 3 42 wrinkle 
R60 360 150 100 3 45 tack 
R60 360 155 100 3 48 tack 
R40 360 145 100 3 44 untack 
R40 360 150 100 3 45 folding 
R40 360 155 100 3 49 Tack/ 
R40 360 160 100 3 50 Tack 
R20 360 140 100 3 41 untack 
R20 360 150 100 3 47 untack 
R20 360 160 100 3 52 
Fold/ 
untack 
R20 360 170 100 3 62 wrinkle 
R20 360 180 100 3 67 fold 
R20 360 185 100 3 72 tack 
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The goal of this stage was to map out the thresholds of the processing window 
function of temperature for each radius of steer. The approach adopted was a grid search 
since only one parameters was being changed at this stage, which was the power settings. 
As can be seen, the voltage was varied in small increments to insure high fidelity in the 
temperature data and pinpointing the processing window. The processing window for both 
Table 4.4: Steering experiments of LT material 
Path 
Feedrate 
(in/min) 
Voltage 
(Volts) 
Compaction 
(lb) 
Tow 
tension 
(N) 
Temperature 
(°C) 
Result 
R∞ 360 170 100 3 57 untack 
R∞ 360 175 100 3 62 untack 
R∞ 360 180 100 3 65 tack 
R∞ 360 190 100 3 76 tack 
R80 360 180 100 3 68 untack 
R80 360 185 100 3 71 wrinkle 
R80 360 190 100 3 76 wrinkle 
R80 360 195 100 3 80 wrinkle 
R80 360 200 100 3 86 tack 
R60 360 175 100 3 60 untack 
R60 360 180 100 3 64 wrinkle 
R60 360 185 100 3 68 wrinkle/
folding 
R60 360 190 100 3 73 folding 
R60 360 200 100 3 82 wrinkle 
R60 360 205 100 3 87 tack/lap 
R40 360 180 100 3 62 untack 
R40 360 190 100 3 72 wrinkle 
R40 360 195 100 3 80 folding, 
wrinkle 
R40 360 200 100 3 80 wrinkle 
R40 360 205 100 3 87 wrinkle 
R40 360 210 100 3 92 tack 
R20 360 185 100 3 74 untack 
R20 360 195 100 3 85 fold 
R20 360 200 100 3 93 fold 
R20 360 205 100 3 95 fold 
R20 360 215 100 3 106 fold 
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high and LT is shown in Figure 4.16 and Figure 4.17. The color codes are explained in 
section 4.2.3. We can observe that the HT material requires much lower temperature to be 
steered at all radii as compared to the LT material. Moreover, at R20, the temperature 
needed to steer the tows increases drastically for the HT (from 48°C for R40 to around 
72°C R20), while a successful run is not achieved for the LT even at very high 
temperatures. We can see a clear trend where decrease in the radius of steer requires higher 
temperatures to achieve successful layup. We can also notice that the wrinkling (yellow) 
region is wider for the LT material at the mid-range of temperature. Which means the stiffer 
material is more likely to develop wrinkles under medium heat while the softer material 
tends to fold.  
 
 
 
Figure 4.16: Steering results for HT material 
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4.4.3 The results of 2nd stage (Other parameter assessment) 
This stage was the last one of the project, and hence it was utilized to perform a 
series of experiments to verify any hypotheses about the parameters and gain additional 
insight into their specific effects. Due to availability of the machine, this stage was 
constrained on time, as well as on material, as the available material was beginning to run 
out. Hence, not all the possibilities were investigated, instead enough experiments were 
done to gain some general observations of the different parameters explored. 
  
Figure 4.17: Steering results for LT material 
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First thing tested was the feedrate. Using the method described in section 4.3.2, a 
feedrate of 840 in/min was achieved for R60. The lower radius of steer is the more 
constrained the motion of the machine is and hence the more strict the feedrate thresholds 
are. And so for R40 and R20, the highest achievable feedrate was around 600 in/min or 
around 15.24 m/min. Hence, the experiments were performed on R60 paths, using the HT 
material, to explore the higher feedrate. The experiment was attempted with the LT 
material, however, at the high feedrate even the maximum power setting couldn’t generate 
a high enough temperature for the tows to adhere. So the comparison was limited to the 
HT material. The results are shown in Figure 4.18 below. The expected result was that a 
higher temperature would be needed to perform a successful layup, however, surprisingly 
the layup was successfully done at a very close (and slightly lower) temperature. Given 
that these two experiments were done on different months, we reviewed the ambient 
conditions data during the days of performing the experiments. The ambient temperature 
was nearly the same at around 19.5°C, however, there was a difference in the relative 
humidity. When performing the low feedrate experiments, the RH was 65% while when 
Figure 4.18: R60 layup results at two feedrate settings for HT material 
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doing the high feedrate experiment it was 80%. This difference could have been the reason 
behind that result. One more observation was that, even though the tows tacked at RH 80% 
at similar to lower temperature, the tows tended to develop wrinkles fairly quickly after 
layup. 
One other parameter that was available for study was the head cooling. The AFP 
deposition head tends to heat up due to the radiation from the heater during operation. 
When operating for a prolonged period of time, this heat build-up can start affecting the 
tows in the guider slots and cause them to stick on the inside of head and U-axis. That in 
turn causes a series of defects and the need for constant maintenance on the U-axis. Hence 
the AFP head has air cooling ducts built into it to keep the area around the tows cool as is 
shown in Figure 4.19. However, when running experiments, the operation has a much 
slower rate and the time interval between a run and the next is large enough that the 
temperature doesn’t build up in the head beyond room temperature. So to test the effect of 
the head temperature on the layup some experiments were performed, using R60 path and 
HT material, with head cooling ON and OFF to observe the difference. The results are 
shown in Figure 4.20. 
With head cooling ON the head temperature was around 6°C while when it is OFF 
the head temperature was 16°C. As we can see, in the case of head cooling OFF, lower 
temperatures are required to achieve successful layup. When the head cooling is OFF the 
tows are exiting the guider slots at a higher temperature, which means the differential in 
temperature between the incoming tows and substrate is smaller than the case when head 
cooling is ON. This smaller temperature differential means less time is needed for the new 
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tows to reach the temperature of the substrate. Which means when the tows are exiting the 
head at a higher temperature, they are absorbing the substrate temperature faster than if 
they exit cold. Hence the tows exiting at higher temperature required a lower temperature 
on the substrate to achieve the same tack.  
 
Tows being fed out 
Air cooled area 
Heating Crystal 
Figure 4.19: AFP head air cooling position 
Figure 4.20: R60 layup results for head cooling ON/OFF for HT material 
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The reason for changing the tow tension was that in some of the successful steering 
experiments there was an overlap appearing between the tows. The assumption was that 
the tows were being misaligned and pushed out of their path causing an overlap, and that 
this could be fixed by varying the tow tension. Hence, to verify this assumption a series of 
runs were done on a successful configuration having the following parameters: Feedrate = 
360 in/min, Temperature = 48°C, radius of curvature R60, and material = HT. The tow 
tension was varied at five settings: 1 N, 3 N, 5 N, 10 N and 20 N. The results are shown in 
Table 4.5. These experiments revealed that the tow tension wasn’t a factor in the 
appearance of the overlap, however, two things were observed. At the lowest tension 
setting, a section of the course untacked from the substrate. Since in the steered path each 
tow is seeing a slightly different feedrate, the lower tow tension might have caused slipping 
of the outermost tows causing them to untack. Interestingly enough however, at 20 N 
setting the tows didn’t come out of the head because the high tension was too high on them, 
preventing the U-axis from pushing them out. 
Table 4.5: Results of varying tension on R60 paths for HT material 
Path 
Feedrate 
(in/min) 
Voltage 
(Volts) 
Compaction 
(lb) 
Tow 
tension 
(N) 
Temperature 
(°C) 
Result 
R60 360 155 100 1 48 untack 
R60 360 155 100 3 48 Tack/overlap 
R60 360 155 100 5 48 Tack/overlap 
R60 360 155 100 5 48 Tack/overlap 
R60 360 155 100 10 48 Tack/overlap 
R60 360 155 100 20 48 
Tows didn’t 
come out 
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The last parameter explored was the compaction. The effect of the compaction from 
the previous experiments (linear path) has been seen to be minimal on the quality and can 
only have a major effect on the low and high extremes. But changing the value in the mid-
range had very little effect on the process. Keeping that in mind, the compaction needed to 
be investigated for the steering to see if the effect will be greater in this case. The 
compaction was varied at two settings, the default setting which has been used up to now 
in all the experiments, of 100 lb = 445 N, and a higher setting of 150 lb = 667 N. Note that 
one of the effects of higher compaction force, is a slightly higher deformation in the roller, 
causing the heater to be closer to the surface of the substrate, and hence if the compaction 
is high enough to cause a big deformation, the heat will vary noticeably. The experiments 
were done on R80 paths for HT material. The experiments performed are shown in Table 
4.6 and Figure 4.21.  
Table 4.6: Results of varying compaction force on R80 paths for HT material 
Path 
Feedrate 
(in/min) 
Voltage 
(Volts) 
Compaction 
(lb) 
Tow 
tension 
(N) 
Temperature 
(°C) 
Result 
R80 360 130 100 3 38 untack 
R80 360 140 100 3 40 wrinkle 
R80 360 145 100 3 45 tack 
R80 360 150 100 3 47 tack 
R80 360 160 100 3 53 tack 
R80 360 180 100 3 68 tack 
R80 360 130 150 3 37 untack 
R80 360 140 150 3 40 wrinkle 
R80 360 145 150 3 44 tack 
R80 360 150 150 3 48 tack 
R80 360 160 150 3 53 tack 
R80 360 180 150 3 67 tack 
R80 360 130 100 3 38 untack 
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As is clear from the results, increasing the compaction barely had any effect on 
the process, with tack occurring at almost the same temperature (45°C at default 
compaction, and 44°C at high compaction). Hence, the conclusion is the same as that for 
the linear path experiments. The effect of compaction is minimal as long as it is not set 
too low or too high. 
 
4.5 CONCLUSION 
In this chapter the relation between process parameters and quality was investigated for 
steered paths. The steered paths are different from the linear paths due to stresses that the 
tows are under when steered. These stresses cause defects to appear under conditions that 
would have achieved perfect quality for a linear path. Hence, a shift in the process 
parameters is needed to insure a successful layup. More parameters were studied for the 
steering experiments as compared to the linear, since the manufacturing of steered layup is 
more complex and required more investigation. The most important observations from the 
results of the experiments are as follows: 
Figure 4.21: R80 layup results for two compaction settings for HT material 
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 The quality of steering layup is most sensitive to substrate temperature as compared 
to the other parameters. 
 Compared to the linear paths layup, steering requires significantly higher 
temperature (around 10°C for the HT and 20°C for LT) to achieve a good quality 
at the lowest radius of steer R80. 
 The quality is also highly related to radius of steer. The required temperature for a 
successful layup increases with the increase in path curvature. 
 The LT material had more tendency to wrinkle while the HT had a tendency to fold 
at the mid-range of temperatures.  
 Ambient conditions, specifically relative humidity, played a role in wrinkle 
appearance and progression post layup. 
 Other factors like tow tension, compaction, and feedrate were tested and found to 
have a minimal effect at mid-range. Tow tension and compaction can worsen the 
quality if set too low. 
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CHAPTER 5 
 CONCLUSION
5.1 MATERIAL COMPARISON 
In this project, more than 100 experiments were performed using AFP investigating 
an array of process parameters, in order to expand the understanding of this manufacturing 
technique. Data from these experiments was utilized to uncover dependencies between the 
parameters, as well as their relative effect on the layup quality. Different approaches were 
adopted when performing the linear and steered configurations, as each required specific 
considerations to have well controlled experiments. It is worthwhile to mention that R20 
steering radius is not conventional for industries, as they typically only reach R60 steering 
radius. The main goal of this project was reached successfully, where the process window 
for the two materials in question (HT and LT) was developed for linear and steered paths. 
There was a clear difference between the two materials and the most important 
observations are as follows: 
 The LT material generally required a higher temperature to be laid down 
successfully. The temperatures needed were around 20°C to 30°C higher than what 
was required for the HT material. There’s no particular advantage for either 
material in the case of temperature, since this only means that the temperature needs 
to be set accordingly, in compliance of the chosen material. 
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 Perfect layup quality was achievable for both materials, in the case of linear paths 
as well as steered paths (except in the case of the R20 for the LT material, which 
required temperatures higher than what we could achieve with the current heater 
configuration). 
 The HT had an advantage over the LT in terms of feedrate. The HT material was 
able to operate more easily at the highest feedrate settings, while it was increasingly 
difficult for the LT.  
 The HT steering capability was also greater than the LT. Successful layups were 
more easily achieved with the HT. This was an expected result due to the fact that 
the LT material is stiffer. 
 However, the LT had an advantage over the HT in terms of material handling which 
was much easier during the manual tasks, like loading and unloading or fixing 
defects. This is due to the reduced tackiness at room temperature, allowing for 
manual work without getting it stuck on the gloves or tools. 
 There was also a noticeable advantage for the LT in terms of fuzz and resin build 
up in the AFP head. These weren’t quantified, however, this was an observation 
after working for months with both materials and having to maintain and clean the 
head after each experiment. 
These observation are summarized in Table 5.1. 
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Table 5.1: Material comparison summary 
Material  High tack   Low Tack 
Temperature 
Operating Range  
Low = Higher by ~ 20-30 C° 
Perfect Quality Achievable  = Achievable  
Max Feedrate High > Normal 
Steering Capability High  > Low 
Material Handling Normal < Easier 
Fuzz Build up Normal < Low 
Resin build up Normal < Low 
 
5.2 GENERAL OBSERVATIONS 
During the months of doing AFP experiments, spanning from programming, to post 
processing and simulation, material preparation, machine calibration, machine dryrun and 
finally machine operation and layup, a few important observation can be made about this 
manufacturing technique. AFP is highly complex and needs a thoroughly experienced crew 
to insure the consistency of production. Small changes in programming can easily alter 
how the process will run as well as the quality of the final product. Similarly, a change in 
the way the machine is operated can lead to poor quality despite having good programming. 
Hence, communication between the operator and programmer needs to be frequent. 
Moreover, the number of variables that the AFP process is dependent on can count 
up to more than a dozen, making it a highly dynamic system. Those studied in this project 
do not include the kinematic parameters, which can have a deciding effect on the quality. 
All these process parameters and machine parameters, interact with one another in some 
way and hence accounting for all of them is crucial in order to gain predictive capabilities 
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for the quality and defect formation. However, that would be a very difficult, if not 
impossible, task. And all the current simulations and physics based models, either 
oversimplify the problem, or don’t account for these variables. 
However, this problem could most likely be solved if data driven analysis methods 
are adopted. This was outside the scope of the project, but future work needs to be focused 
in that direction. All the process parameters and machine parameters must be tracked, 
logged and correlated to the machine output. After sufficient data is gathered, machine 
learning can be implemented to uncover the relations between parameters and machine 
output. This can be used to develop a predictive algorithm that may fully simulate the AFP 
process and allow for virtual experiments to take place. However, this approach would not 
be complete without implementing feedback control on the most crucial parameters that 
can target the optimal values of those parameters, depending on the updates from the data 
driven analysis. This would allow for real time automated control of the process and 
consistent operation, increasing the reliability and productivity of AFP machines. 
5.3 SITUATION OF RESEARCH 
Understanding how the process parameters interact with layup quality in AFP 
manufacturing subscribes to an overall endeavor at the McNAIR Center to push the 
boundary of discovery for Additive Manufacturing in general and for Composites 
Manufacturing, predominately AFP, in particular. In the context of Automated Fiber 
Placement, this research complements path planning studies for [66,67] where finding the 
optimal tool path for laying fibers is sought. One of the principal conditions is the 
minimization of AFP defects [50] and the effect they can have on the integrity of the 
structure [68,69]. Integrated design and manufacturing analysis [70] efficient design 
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processes [71–73], automated process planning [74], heat optimization [75], automated 
inspection [52,76] and rapid assessment tools can practically support a better integral lay-
up quality. In the context of Additive Manufacturing, this research complements topology 
optimization [77], feature recognition [78,79], optimal part nesting [80] and optimal build 
orientations [81,82]. 
This work actively participates in the advancement of the Additive 
Manufacturing/Automated Fiber Placement research, and supports the overall goal to 
thrust advanced manufacturing innovation and research. 
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